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Introduction

In addition to its classical role in bone and mineral metabolism, vitamin D (calcitriol,
1,25-dihydroxycholecalciferol) has antiproliferative activity in solid tumor models both in vitro
(1-7) and in vivo (1, 4, 7, 8). Calcitriol binds to the vitamin D receptor (VDR), a member of the
steroid nuclear receptor superfamily, which results in the transcription of target genes (9). We
demonstrated that calcitriol inhibits the growth of the murine squamous cell carcinoma (SCC) (7)
and the Dunning rat prostatic adenocarcinoma, Mat-lylu (1). In addition, calcitriol in
combination with cisplatin or carboplatin synergistically enhanced anti-tumor activity of in vitro
and in vivo, and these effects were schedule dependent (13). Mechanistic studies reveal that

calcitriol induces G(/Gq arrest, a decrease in Rb phosphorylation, an increase in expression of

p27, and a decrease in expression of p21, cyclin dependent kinase inhibitors (10-14). Recent
studies indicate a reduction in p21 expression sensitizes tumor cells to both DNA damaging
agents (15,16), and microtubule damaging agents such as paclitaxel (17, 18, 19).  Given the
ability of calcitriol to decrease p21 expression in vitro and in vivo, and the reported association
between reduced expression of p21 and increased sensitivity to paclitaxel, we hypothesized that
calcitriol would enhance the antitumor activity and apoptosis-promoting ability of paclitaxel.
Studies also have investigated the mechanism by which calcitriol induces apoptosis, particularly
with respect to its effects on survival and stress signaling pathways. Calcitriol induces the
caspase-dependent cleavage of MEK, a target of proteolytic degradation not previously
described, resulting in nearly complete loss of MEK expression and Erk1/2 signaling. Direct
comparison of calcitriol with genotoxic agents revealed that the molecular events described
above, with the exception of Akt inhibition, were selective for calcitriol. We present here our

results to investigate calcitriol-mediated tumor cell death and the interactions of paclitaxel and




calcitriol both pre-clinically and clihically with the support of Department of Defense grant
DAMD17-98-1-8549. We have chosen to evaluate combinations of calcitriol with and without
paclitaxel in PC-3 ( a human prostate cancer) and SCC (a murine squamous cell carcinoma) to
investigate differences in response and biologic effects, hypothesizing that such differences may
provide insight into the mechanism of calcitriol-mediated cell death in prostate cancer and in the
interaction between these two agents. In addition, we present data on the ongoing clinical trial
involving calcitriol and paclitaxel with plans for a trial involving calcitriol/dexamethasone in
combination with docetaxel and zolendronic acid in men with hormone refractory prostate

cancer.
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Statement of Work- Specific Aim 1: To determine the parameters for optimum

potentiating activity in prostate model systems

Calcitriol increases paclitaxel anti-tumor activity in vitro. To examine the antitumor
activity of calcitriol and paclitaxel alone, or in combination, murine SCC cells were used in an in
vitro clonogenic assay. SCC cells were (a) treated with paclitaxel or calcitriol alone, (b) were
pre-treated for 24h with calcitriol then treated with paclitaxel, or (c) were treated simultaneously
with both agents. As we previously reported, calcitriol inhibits clonogenic survival in SCC with
an IC50 of 4 nM (Fig. 1 and (7)). Paclitaxel alone also inhibits SCC survival with an IC50 of 23
nM. Significantly greater antitumor activity was achieved when calcitriol was combined with
paclitaxel (Fig. 1). Calcitriol pre-treatment potentiated paclitaxel activity to a greater extent than
concurrent treatment, except at the highest dose of paclitaxel studied. These results demonstrate
that antitumor activity in SCC is increased by combining calcitriol with paclitaxel, and that the

optimal schedule for administration is treatment with calcitriol followed by paclitaxel.

Similarly, we examined whether the combination of calcitriol and paclitaxel was effective
in inhibiting the growth of human prostatic adenocarcinoma cells (PC-3). PC-3 cells were treated
in vitro for 24h with or without calcitriol and received no further treatmént or were treated for an
additional 24h with varying concentrations of paclitaxel. As shown in Fig. 2, calcitriol alone had
detectable antiproliferative activity in these cells, with an IC50 of 5 uM. Paclitaxel, when used
as a single agent, reduced PC-3 clonogenic survival in a concentration-dependent manner.

Significantly greater growth inhibition was achieved by pre-treating the cells with calcitriol at



each of the paclitaxel concentrations tested. Calcitriol also enhanced paclitaxel-mediated growth
inhibition in vitro in the Dunning rat metastatic adenocarcinoma (MLL) model system (data not
shown). Therefore, calcitriol increases paclitaxel activity in murine squamous cell carcinoma
and human as well as rat prostatic adenocarcinoma. This indicates the effects are not cell-type

specific.

Calcitriol increases paclitaxel anti-tumor activity in vive. To evaluate whether the
combination of calcitriol and paclitaxel has greater in vivo antitumor activity compared to either
agent alone, the excision clonogenic assay was used. As shown in Fig. 3A, the combination of
calcitriol plus paclitaxel resulted in a significantly greater decrease in surviving fraction as
compared to paclitaxel or calcitriol alone. Thus, greater in vivo antitumor activity is achieved in

SCC by pre-treatment with calcitriol followed by paclitaxel.

To determine whether an increase in clonogenic cell kill was associated with inhibition of
tumor growth, SCC tumor-bearing mice were treated with saline, calcitriol or paclitaxel alone, or
calcitriol in combination with paclitaxel. We utilized a schedule of daily x 3 doses of calcitriol
with paclitaxel administered on day 3. This calcitriol dosing regimen was previously reported to
maximize antitumor efficacy while minimizing toxicity or hypercalcemia (13). In SCC,
paclitaxel had no significant activity when used as a single agent therapy and calcitriol alone
exhibited cytostatic activity (Fig. 3B). In contrast, the combination of calcitriol with paclitaxel

resulted in significant tumor regression (Fig. 3B).



To determine whether calcitriol plus paclitaxel combination therapy also displays
increased antiproliferative activity in vivo in PC-3, tumor-bearing mice were treated with saline,
calcitriol or paclitaxel alone, or calcitriol in combination with paclitaxel utilizing the dosing
schedule described for SCC. As shown in Fig. 4A, neither paclitaxel nor calcitriol had
significant activity when used as a single agent therapy in PC-3. However, significant antitumor
activity was observed when PC-3 tumor-bearing mice were treated with calcitriol followed by
paclitaxel (Fig. 4A). In this model, nearly complete inhibition of tumor growth was maintained

for greater than two weeks.

After day 24, PC-3 tumors in animals treated with calcitriol plus paclitaxel achieved a
growth rate comparable to controls as determined by the slope of the growth curve (0.107 vs.
0.102). Re-treatment of these animals with calcitriol plus paclitaxel on days 29-31 resulted in a
decrease in the rate of tumor growth, as evidenced by a change in the slope of the growth curve
for days 32-38 (m= 0.052) (Fig. 4B). These data indicate that previously treated tumors remain
responsive to calcitriol plus paclitaxel and that prolonged antitumor activity may be achieved by

repeated cycles of therapy.

Statement of Work- Specific Aim 2: To determine the role of calcitriol in the induction of

apoptosis and in changes in calcium

Paclitaxel effects on calcitriol-induced hypercalcemia. We have examined the effect of
calcitriol and paclitaxel on tumor regression in nude mice bearing PC-3 xenografts (calcitriol
1.25pug/day x3d + paclitaxel 20mg/kg, d3). The combination of calcitriol plus paclitaxel resulted
in marked delay in tumor growth. We have demonstrated identical activity of this combination
in the syngeneic Dunning rat prostate model, MLL. Treatment with paclitaxel or calcitriol alone

resulted in limited anti-tumor effect in both systems. In addition to the enhancement of the



antitumor effect of paclitaxel by calcitriol we also noted that the paclitaxel + calcitriol treated
animals had less hypercalcemia than animals receiving calcitriol alone. (Table 1) Paclitaxel
reduces urinary calcium excretion suggesting that any protective effect is likely related to effects
of paclitaxel on calcitriol-mediated actions on gastrointestinal calcium absorption or bone
mobilization of calcium stores. Agents such as paclitaxel that disrupt microtubules cause
parathyroid hormone dependent changes in Ca2+ transport and thereby abrogate hypercalcemia
(36). Studies exploring the mechanisms and clinical application of these interactions are
underway.
Table 1
Serum and Urinary Calcium in C3H/HEJ Mice Following Calcitriol, Paclitaxel and

Zoledronic Acid Treatment

Day 3E Day 4F 24 hr Urinary
CalciumG
Control 9.5+/-0.2 102 +/-0.4 7.5+/-0.1
DDDA 16.9+/-0.7 18.8+/-1.4 402 +/-0.8
DDDB 9.9+/-1.5 122 +/-1.3 6.4+/-0.3
T
Tc 9.6+/-0.2 9.8+/-0.3 N.D.
Zoledronic acid + 12.8+/-0.3 13.2+/-0.2 N.D.
DDDH
Zoledronic acid 9.5+/-0.5 9.3+/-0.2 N.D.

A=calcitriol 0.75ug/kg/d, Day 1,2,3; B=calcitriol 0.75ug/kg/d, Day 1,2,3 + paclitaxel (20mg/; C
= paclitaxel (20mg/kg). E = calcium measured after day 3 of calcitriol administration; F =
calcium measured one day after last calcitriol administration; G= 24 hour urine calcium
measured over the last 24 hours of therapy. H= Zoledronic acid 10mg/kg day —1, calcitriol day
1,2 and 3.

We have developed preclinical data in the previously noted animal model that docetaxel
blocks calcitriol induced hypercalcemia at least as effectively as paclitaxel — and calcitriol
potentiates docetaxel antitumor effects in PC-3 in vivo. In addition, the bisphosphonate,

zoledronic acid, also effectively blocks calcitriol-induced hypercalcemia. Fig 5 illustrates the

effects of calcitriol, dexamethasone (dex) and docetaxel therapy in nude mice bearing human




prostate cancer (PC-3) xenografts. We have shown previously that dexamethasone (dex) alone

has little effect on tumor cell growth.

Calcitriol accelerates paclitaxel-induced apoptosis independent of its effects on p21.
Given the findings that loss of p21 sensitizes MCF-7 and HCT116 cells to paclitaxel (17, 18),
and calcitriol decreases p21 expression in SCC (14), we hypothesized that calcitriol enhances
paclitaxel antitumor activity via its effects on p21. To test whether calcitriol treatment decreases
p21 expression in PC-3 as it does in SCC, cells were treated in vitro with EtOH vehicle control
or calcitriol. At various times, whole cell lysates were prepared and analyzed for p21 expression
by Western blot. Calcitriol treatment resulted in a 60% decrease in p21 expression in PC-3 cells

after 72h and an 80% decrease in expression after 96h (Fig. 6).

Paclitaxel-induced apoptosis in PC-3 cells is associated with phosphorylation of Bcl-2
(20), a modification that inactivates the apoptotic suppressor function of this protein (20-22). To
determine whether PC-3 cells with reduced p21 expression show enhanced paclitaxel activity,
we examined whether calcitriol pretreatment increased or accelerated paclitaxel-induced changes
in Bcl-2 expression and apoptosis. PC-3 cells were either untreated or pre-treated with 5 uM
calcitriol for 72h, a time sufficient for p21 down-modulation. Subsequently, cells either received
no further treatment or were treated with paclitaxel for varying lengths of time. As a further
control, an additional set of cells was treated concurrently with calcitriol plus paclitaxel; under
these conditions, the calcitriol-mediated reduction in p21 would not occur prior to paclitaxel

exposure. Inspection of treated cells revealed two morphologically distinct populations; one cell
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population remained adherent following treatment while a second population detached from the

culture dishes (floating cells). These populations were analyzed separately.

At 24h, paclitaxel induced Bcl-2 phosphorylation in both the adherent and detached cell
populations (Fig. 7A). Whereas unphosphorylated Bcl-2 was most abundant in the paclitaxel-
treated adherent cells, only the phosphorylated forms of Bcl-2 were detected in the detached
cells. Phosphorylated Bcl-2 species were still detected in both cell populations after 48h of
treatment, but were virtually absent by 72h. Calcitriol had little effect on Bel-2, and neither pre-
treatment nor concurrent treatment with calcitriol altered the effects of paclitaxel on Bcl-2

expression/phosphorylation.

Apoptosis, ( as measured by the cleavage of the caspase substrate poly(ADP-ribose)
polymerase, or PARP), first became evident in the detached cells after 48h of treatment (Fig.
7B). At this time, paclitaxel treatment resulted in a 50% reduction in PARP. Although calcitriol
itself did not induce apoptosis, it enhanced the effects of paclitaxel such that cells treated with
calcitriol prior to or in combination with paclitaxel displayed a 78% reduction in PARP. By 72h,
PARP was no longer detected in the cells that detached following paclitaxel administration, and
addition of calcitriol had no further discernible effect. Calcitriol did not alter the effects of
paclitaxel on PARP expression in the adherent cell population at any of the times examined. The
data obtained at 48h indicate calcitriol can accelerate paclitaxel-induced apoptosis in a subset of

PC-3 cells.
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Calcitriol induces caspase-dependent cleavage of MEK in apoptotic cells. We
assessed induction of apoptosis by calcitriol on the molecular level by examining PARP in
attached and detached (floating) tumor cell populations. After treating tumor cells (SCC and
PC-3) as described above, the floating cells were removed from the attached cells and lysates
of both cell populations were prepared. The number of floating cells in the medium after
vehicle treatment was low and it was not possible to collect sufficient amounts to process for
immunoblot ahalysis. As shown in Fig. 8, lysates of vehicle-treated (attached) cells, as well as
the attached cell population of calcitriol-treated cultures, exhibited no PARP cleavage.
However, lysates of floating cells from cultures treated with calcitriol demonstrated complete
PARP cleavage. Taken together, these results indicate that calcitriol induces programmed cell
death in tumor cells. The fact that PARP cleavage was exclusively observed in lysates from
calcitriol-treated, non-attached cells and that this population is easily isolated from the attached
cell population affords the use of this model for investigating the role of signaling pathways in

calcitriol-induced apoptosis at the molecular level.

The Ras-Rafl-MEK-Erk signaling pathway transduces signals from growth factor
receptors to the nucleus which can lead not only to mitogenesis and differentiation but also to
survival (23). Thus, growth factor signaling may attenuate the apoptotic signal induced by
calcitriol, or, conversely, calcitriol may attenuate growth factor signaling as part of its
mechanism to promote programmed cell death. We investigated the effects of calcitriol on levels
of activated MEK, a key mediator of signaling through the Ras-Rafl-MEK-Erk pathway.

Levels of phosphorylated/activated Erk1/2 were analyzed and found to be virtually undetectable
in the lysates of the floating cells (Fig. 9), indicating that the Ras-Raf1-MEK-Erk signaling
pathway is completely blocked in these cells. It is perhaps noteworthy that calcitriol also

modestly inhibited Erk1/2 in calcitriol-treated attached cells despite the fact that levels of
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phosphorylated MEK and intact MEK protein were unaffected. The molecular basis of
calcitriol-induced Erk1/2 inhibition in attached cells is currently under investigation. Erk1/2
expression was unaltered in lysates of calcitriol-treated attached cells, and, in contrast to MEK,

was only slightly reduced in floating cells.

Since it is well established that programmed cell death often involves the activation of
caspases, we examined whether these proteases might be responsible for calcitriol-induced MEK
proteolysis. SCC cells were treated 2 days either with vehicle, calcitriol alone, or calcitriol in the
presence of either DEVD-FMK or zZVAD-FMK. While the caspase-3 inhibitor DEVD-FMK
had little effect on calcitriol-induced MEK proteolysis, the pan-caspase inhibitor zZVAD-FMK
nearly completely blocked the loss of MEK protein and the production of the 33 kDa MEK
fragment (Fig. 10). Thus, the decrease in MEK expression induced by calcitriol treatment does
not appear to be due to inhibition of MEK protein synthesis, but rather the result of caspase-
dependent (not necessarily caspase-mediated) MEK cleavage. Caspase-dependent cleavage of
MEK has not been previously reported. It is perhaps noteworthy that the apparent sum of the
levels of intact MEK and the 33 kDa fragment in lysates of cells treated with calcitriol alone

appears to be less than the total level of MEK in cells co-treated with calcitriol and zZVAD-FMK.

Calcitriol inhibits the Akt survival signaling pathway. In addition to the MEK-Erk
pathway, a significant survival signal is also generated by the PI-3-kinase-Akt pathway. Akt was
recently demonstrated to undergo caspase-dependent cleavage during apoptosis induced by
treatment either with etoposide, ultraviolet-C exposure, or Fas ligation in human Jurkat leukemia

cells (24). To assess whether this pathway is also affected in calcitriol-induced apoptosis,
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- immunoblot analysis was used to assess Akt phosphorylation and expression in lysates of cells
treated with either vehicle or calcitriol. Fig 11 shows that calcitriol inhibited Akt in a manner

similar to that of MEK effecting a strong decrease in both its phosphorylation and expression.

Calcitriol induces MEKK-1 expression in apoptotic and non-apoptotic cells and
promotes MEKK-1 proteolysis in apoptotic cells. Although the above results clearly indicate
that cells undergoing vitamin calcitriol-induced apoptosis exhibit a block in the
mitogenic/survival signaling pathways, this alone may not be sufficient to induce cells to enter

- programmed cell death. Therefore, in an effort to assess whether calcitriol treatment also
activates stress signals that could directly promote apoptosis, tunor cells were treated with or
without calcitriol and the expression of MEKK-1, an upstream activator of the SEK1-JNK and
the MKK3/MKK6-p38 stress pathways, assessed by Western blot analysis. As shown in Fig. 12,
calcitriol significantly up-regulated MEKK-1 expression in both the attached and floating cell
populations, with expression being greater in the floating, apoptotic cells. Longer exposures of
the X-ray film to the Western blot ECL signal revealed multiple minor immuno-reactive bands in
the lysates of floating cells (MW range of 85 — 190 kDa) that were not observed in those of
attached cell. Since the anti-MEKK-1 antibody recognizes an epitope lying very near the C-
terminus of the MEKK-1 protein, these data indicate that the products formed represent MEKK-
1 species that have undergone N-terminal proteolysis. Thus, some or all of the lower molecular
weight anti-MEKK-1 positive bands produced upon treatment with calcitriol may represent

MEKK-1 proteolytic products displaying constitutive kinase activity.
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MEK cleavage and MEKK-1 up-regulation are not significantly induced by
cisplatin. We next addressed whether the effects of calcitriol on MEK and MEKK-1 described
above were general phenomena of tumor cells that could be observed during apoptosis induced
by other agents or if they were selectively induced by treatment with calcitriol. Cells were
treated either with calcitriol (10 nM) or with cisplatin (cDDP, 1 ug/ml) for 2 days, the attached
and non-attached cell populations were separated, and lysates were prepared of both. As shown
in Fig. 13, calcitriol and cisplatin both induced PARP cleavage in tOe floating cell populations,
but not in the attached cell populations, demonstrating that the floating cells from both
treatments represent only those cells induced to undergo apoptosis. Significant loss of MEK
expression and MEK cleavage, however, were only observed for lysates of apoptotic cells from
calcitriol-treated cultures. Although the 33 kDa MEK fragment could be observed in lysates of
cisplatin-treated floating cells, it was typically observed at levels less than those observed for
lysates of calcitriol-treated floating cells. In addition, significant up-regulation of MEKK-1
was observed only for calcitriol-treated cells, particularly in the non-attached apoptotic
population, and limited N-terminal MEKK-1 proteolysis was exclusively observed in the
calcitriol-treated, detached cells. Although a slight induction of MEKK-1 was observed for
cisplatin-treated attached cells, this induction was no longer observed in the floating cells. Thus,
caspase-dependent MEK cleavage and MEKK-1 up-regulation/proteolysis are not general
pheneomena of apoptosis observed in these cells, but are selectively induced by calcitriol.
Taken together, these results suggest that calcitriol induces apoptosis in tumor cells by a

mechanism that is distinct from that of cytotoxic agents.
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Statement of Work- Specific Aim 3: To evaluate the toxicities, MTD, pharmacokinetics of

paclitaxel and calcitriol in patients with advanced prostate cancer

Clinical trial results to date.

We have treated 30 patients on the clinical trial proposed in this grant. The following is the

treatment schedule utilized:

Day 1 2 3 4 5 6 7 8 9 10
Calcitriol | * * * * * *
Paclitaxel | 80mg 80mg
PK ¢ ¢

Paclitaxel is given at a dose of 80mg/sq m D1, D10, D17 and D23, every 6 weeks

Calcitriol is administered weekly by mouth according to the following dose escalation
scheme: 4,6, 8,11, 13,17, 22, 29, 38 and at 30% increments for subsequent escalation in
cohorts of 3-6 patients. Studies were designed such that in each patient, paclitaxel was given on
day 1 before calcitriol in one treatment and on day 10 after 3 days of high dose calcitriol in the
next cycle. This permits comparison of AUC of either agent in the same patient before and after
pretreatment with calcitriol. We have entered 30 patients on trial and have completed escalations
through 38 pg p.o. QDX3 weekly + paclitaxel. Dose limiting toxicity has not been encountered,
no patient has experienced a serum calcium (corrected) >11mg/dL. No significant
myelosuppression was seen where ANC was a reflection of the cycles of paclitaxel with no
difference observed in the presence of calcitriol (Fig14). Blood samples to assess plasma

pharmacokinetics of paclitaxel when administered on Day 1 with the initiation of calcitriol and
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on Day 10, after 3 days of calcitriol have been collected, as have samples for assessment of
calcitriol pharmacokinetics. As shown in Fig 15, the AUC of paclitaxel was not different with or
without pretreatment with calcitriol from a representative patient and when compared over the
doses of calcitriol tested to date (Fig 16). No difference in toxicity between week 1 and week 2
of paclitaxel as been noted, suggesting that there is no reduction in paclitaxel clearance
associated with calcitriol administration. Calcitriol pharmacokinetic study determined that as
dose increased, AUC increased until we reached dose levels of calcitriol of greater than 17pug
(Fig 17) where it appears that we have reached saturation. Additionally, none of these patients
were hypercalcemic. Studies are ongoing to examine the metabolites of calcitriol in these patient

samples and whether we indeed have a bioavailablity issue and can not escalate further.

We are also conducting a concurrent phase 2 trial in androgen-independent prostate
cancer of calcitriol (Monday, Tuesday and Wednesday) + dexamethasone ( 4mg Sunday,
Monday, Tuesday and Wednesday). In this study we have treated 24 patients with 12ug QDX3
of calcitriol weekly (total weekly dose 38ug/week) for at least one month. No patient has had
hypercalcemia. Our prior studies of calcitriol alone administered on a daily oral basis indicate
that at least 30% of individuals will develop hypercalcemia at a weekly dose of 7.5-14pg/ week.
In individuals treated with calcitriol to retard the development of osteoporosis, doses of calcitriol
of >14pg/week are frequently associated with hypercalcemia. Hence, failure to observe
hypercalcemia in the present paclitaxel + calcitriol trial despite administering a weekly dose of

calcitriol substantially higher than one would expect to be able to administer if calcitriol were
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administered daily may be attributable to the intermittent schedules of calcitriol employed and/or

the effects of either dexamethasone or paclitaxel in modulating calcitriol-induced hypercalcemia.

We have also proposed a phase I/II clinical trial in men with hormone refractory prostate

cancer involving calcitriol, dexamethasone, docetaxel and zoledronic acid. This trial will
determine the maximum tolerated dose of calcitriol when given in combination with docetaxel
75 mg/m® + dexamethasone + zoledronic acid; examine the effect of calcitriol administration on
docetaxel pharmacokinetics; conduct a phase II evaluation of this combination in patients with
hormone refractory prostate cancer; and characterize the toxicity of the combination of calcitriol
in combination with docetaxel and zoledronic acid in patients with AIPC. Docetaxel will be
administered at a dose of 75mg/m?, q3weeks, zolendonic acid will be adminstered at a dose of
4mg/m® , dexamethasone at 8 mg QDXS5 and calcitriol 10pg QDX3 (starting dose). Calcitriol
will be escalated to 14, 18, 26, 30 pg with further escalations at 30% increments with the
following schedule:

Treatment Schedule, cycle #1 Only

D1 D2 |(D3 |D4 {DS5S |Dé6
Docetaxel X
Dexamethasone | X X X X X
Zoledronic Acid | X
Calcitriol X X IX
Pk sampling X

Treatment Schedule, cycle #2 and thereafter

D1 D2 D3 |D4 |DS5 |De6
Docetaxel , X
Dexamethasone | X X X X X
Zoledronic Acid | X
Calcitriol X X X
Pk sampling X

18



Patients will be treated until there is unacceptable toxicity, evidence of progressive disease, or a
total of six cycles in the case of stable disease. Approximately 20-30 patients will be accrued to
the phase I portion of this study and 14-32 patients on the phase II portion, depending on the

response. The trial is under review and will be open late 2000.

Methods utilized:

Tumor cells and model systems. The human prostaiic adenocarcinoma cell line PC-3
was obtained from the American Type Culture Collection (Manassas, VA). PC-3 cells are
VDR+, androgen-independent and p53 null. For in vitro studies, cells were grown in F-medium
supplemented with 10% FCS and 2 mM L-glutamine. In vivo, tumors were routinely produced
by subcutaneous inoculation of 2 x 106 log-phase tissue culture cells mixed 1:1 with Matrigel in
the right flank of nude mice (Taconic Farms, Germantown, NY). Studies were initiated 8 days

later when tumors were palpable.

| SCCVII/SF is a moderately well differentiated squamous cell carcinoma derived from a
spontaneously arising tumor of the C3H mouse (15). Murine SCCVII/SF squamous cell
carcinoma cells were obtained from Dr. Karen Fu (University of San Francisco, CA). They were
transplanted as previously described in 6- to 10-week old female C3H/HeJ mice (obtained from
The Jackson Laboratory, Bar Harbor, ME). For in vitro studies, cells were grown in RPMI-1640
medium plus 15% FCS (HyClone Laboratories, Inc., Logan, UT) and passed only twice before

being returned to the animals. In vivo, tumors were routinely produced by subcutaneous
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inoculation of 5 x 105 log-phase tissue culture cells in the right flank of each mouse. Studies

were initiated approximately 9 days later when the tumors were palpable.

Chemicals and reagents. Calcitriol (Hoffmann-LaRoche, Nutley, NJ) was reconstituted
in 100% ethyl alcohol and stored protected from light under a layer of nitrogen gas at -70 C. All
handling of calcitriol was performed with indirect lighting. Paclitaxel (Bristol-Myers Squibb,
Princeton, New Jersey) was purchased as a 6 mg/ml solution in Cremophor EL and was diluted
in tissue culture medium or sterile saline just prior to use. The antibodies used in these studies
were monoclonal mouse anti-PARP (Enzyme Systems, Livermore, CA) and monoclonal mouse

anti-human Bcl-2 (DAKO Carpinteria, CA). Monoclonal anti-caspase-3 and polyclonal rabbit
anti-p21 were from PharMingen (San Diego, CA). Anti-rabbit and anti-mouse horseradish
peroxidase-conjugated secondary antibodies were purchased from Amersham Life Sciences

(Arlington Heights, IL) and Promega (Madison, WI), respectively.

Clonogenic tumor cell survival assays. Tumor cells were incubated for 24 hours in T25
flasks (Corning Costar Corp., Cambridge, MA) with or without calcitriol. Cells were then either
left untreated, or were treated with various concentrations of paclitaxel for an additional 24
hours. The cells were then harvested, countéd, and re-plated at various dilutions into 6-well
tissue culture plates (Corning Costar). After a 7-day incubation at 37 C in a humidified
atmosphere containing 5% CO2, cell monolayers were washed with saline, fixed with 100%
methanol, and stained with 10% Giemsa. Colonies were counted with the use of a light

microscope. To calculate the surviving fraction, the cloning efficiency of treated cells was

divided by the cloning efficiency of untreated, control cells.
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In vivo clonogenic assay. The in vivo effect of paclitaxel with and without calcitriol on
clonogenic tumor cells was determined by a modification of the in vivo clonogenic cell survival
assay as described previously (16). Briefly, mice with 9-day squamous cell carcinomas (three to
five animals per group) were treated with saline or 2.5 (g calcitriol each day for 3 days. On day
3, mice also received varying doses of paclitaxel. Twenty-four hours after the last injection, the
animals were sacrificed and their tumors excised. Aliquots of minced tumor were enzymatically
dissociated for 60 minutes at room temperature with a mixture of type I collagenase,
deoxyribonuclease, and EDTA. Viable tumor cells were then plated at various dilutions in 6-
well tissue culture plates. After incubation for 7 days, colonies were counted and the numbers of
clonogenic cells per gram of tumor was calculated. The surviving fraction per gram of tumor is
defined as the number of clonogenic tumor cells per gram of treated tumor divided by the

number of clonogenic tumor cells per gram of control, untreated tumor.

Tumor growth inhibition. To examine the in vivo antitumor activity of calcitriol,
paclitaxel, or the combination of calcitriol with paclitaxel, treatment was initiated on animals
bearing palpable PC-3 or SCC tumors. Animals were treated for 3 days with single, daily
injections of saline or calcitriol. On day 3, animals also received a single intraperitoneal injection
of paclitaxel. Tumor measurements were obtained using calipers prior to initiating treatment
(initial tumor volume) and on the days indicated. On day 3, animals also received a single
intraperitoneal injection of paclitaxel. Tumor measurements were obtained using calipers prior

to initiating treatment (initial tumor volume) and every day thereafter. Tumor volumes were

calculated by the following formula: volume = (length x widthz)/2.
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Preparation of cell lysates and Western blot analysis. Protein was extracted from in
vitro treated cells using lysis buffer (1% Triton X-100, 0.1% SDS, 50 mM Tris, 150 mM NaCl,
0.6 mM PMSF, and 5 g/ml leupeptin). Cell monolayers were washed twice with PBS, and 200
mil of lysis buffer was added per T25 flask. Flasks were rocked for 30 min at 4 C. Lysates were
tranferred to 1.5 ml Eppendorf tubes and clarified by centrifugation at 13,000 rpm for 10 min at
4 C. Proteins were quantitated in duplicate using the Bio-Rad protein assay (Bio-Rad
Laboratories, Hercules, CA) according to manufacturer’s directions. Protein lysates were stored
at -80 C before use. Proteins were resolved on SDS-polyacrylamide gels under denaturing
conditions, and then electrophoretically transferred to poly(vinylidene difluoride) (PVDF)
membranes (NEN Life Science Products, Boston, MA) overnight at 4°C. At room temperature,
membranes were blocked for a minimum of 1h in a 5% w/v solution of non-fat milk in TBST (10
mM Tris, pH 7.6, 150 mM NaCl, 0.05% Tween-20) then incubated for 1h with primary antibody.
The blots were washed 3x in TBST and subsequently incubated with secondary antibody
conjugated with horseradish peroxidase for 1h. The blots were again washed and the proteins
detected using Renaissance Western blot chemoluminescence reagents (NEN Life Science

Products).

Cell cycle analysis. The effect of various treatments on tumor cell cycle was determined
using a detergent-trypsin method to stain nuclei for DNA analysis using flow cytometry as
described by Vindelov et al (17). Tumor cells were seeded in T25 flasks at varying
concentrations determined to produce 80-90% confluence upon harvest after the desired

incubation interval. Twenty-four hours after plating, the cells were either left untreated or were
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treated with calcitriol alone, paclitaxel alone, or the combination of calcitriol plus paclitaxel for
varying lengths of time at 37 C. Following treatment, the media containing floating cells was
harvested, and trypsin was added to the adherent cell monolayer. The resulting single cell
suspension was diluted with fresh media, pooled with the floating cells, and centrifuged for 5
min at 800 rpm. The cell pellet was resuspended in citrate buffer (250 mM sucrose, 40 mM
citrate, 5% DMSO) and flash frozen in dry ice/EtOH before storage at -80 Cp. Nuclei were
subsequently isolated and stained with propidium iodide as described . The stained nuclei were

filtered using 30 m nylon mesh and analyzed using a FACSTAR flow cytometer.

YO-PRO-1 Staining. Cells were harvested for YO-PRO-1 staining as described above,
spun down, resuspended in PBS to a concentration of 1.0 — 1.5 x 106 cells/ml, and the percent of
apoptotic cells measured using the Vybrant Apoptosis Assay Kit #4 (Molecular Probes).
According to the manufacturer’s instructions, 1.0 O1 each of YO-PRO-1 dye and propidium
iodide solutions were added to 1.0 ml aliquots of suspended cells, allowed to incubate for at least

20 min, and subsequently analyzed by flow cytometry.

Clinical Trial. In conjunction with these preclinical studies we are conducting a phase
one clinical trial of paclitaxel, 80mg/sqm, administered weekly for four weeks, followed by two
weeks of rest. Calcitriol is administered orally daily for three days each week starting two days
prior to the weekly paclitaxel dose, in escalating doses in cohorts of three patients per dose
escalation level. The starting dose for this phase one trial was 4ug QD X3, weekly. Serum

calcium, phosphorus, creatinine and CBC are monitored weekly, physical exam is performed q6

23



weeks and antitumor effect is assessed monthly. This trial is open to patients with advanced solid

tumors for whom no curative or more effective therapy is available.
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Key Research Accomplishments

In prostate models, pre-treatment with calcitriol enhances paclitaxel-mediated anti-tumor

activity invitro and invivo and these effects are schedule dependent

Weekly treatment with cycles of calcitriol (dailyX3) and paclitaxel on day 3 prolonged

tumor growth inhibition in PC-3 and SCC

Calcitriol pre-treatment reduced p21 expression and accelerated paclitaxel-induced PARP

cleavage in PC-3 cells

Calcitriol accelerates paclitaxel-induced apoptosis and calcitriol-mediated reduction in p21 is

not required for the increase in paclitaxel cytotoxicity
Calcitriol cleaves MEK in a caspase-dependent manner

Calcitriol inhibits Akt survival signaling, induces MEKK-1 expression and inhibits MEK-

Erk1/2

Calcitriol and not cisplatin induces significant loss of MEK, MEK cleavage and up-

regulation of MEKK-1
Paclitaxel and bisphospphonates (zolendonic acid) decrease calcitriol-mediated hypercalemia
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Patients with advanced cancer are treated with weekly cycles of calcitriol (dailyX3) plus
paclitaxel (on day3) and have been evaluated for toxicity, determination of MTD and
pharmacokinetic effects. To date, the MTD has not been reached and the trial continues to

accruc.

No dose limiting toxicity has been encountered at 38ug dose of calcitriol po QDX3 and

weekly paclitaxel

No change in peak concentration, AUC or T1/2 has been noted to date in the two schedules

(DDD-paclitaxel and paclitaxel-DDD)
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Conclusions

Based on epidemiologic findings, Schwartz and Hulka proposed a protective role for
calcitriol in prostate cancer (25). Subsequently, the antiproliferative activity of calcitriol on
prostatic adenocarcinoma cell lines in vitro (1, 2, 11) and in vivo (1, 26) was demonstrated.
Antiproliferative effects of calcitriol were also observed in a pilot clinical trial in which, in a
small set of patients with early, recurrent prostate cancer, calcitriol decreased the rate of PSA
rise, resulting in an increase in PSA doubling times (27). PSA responses have also been observed
in our ongoing phase II trial of calcitriol plus dexamethasone (dex) in hormone refractory
prostate cancer (28). In this trial, 8-12 pg calcitriol is given orally Monday, Tuesday, and
Wednesday each week with 4 mg dex given Sunday, Monday, Tuesday, and Wednesday. Among
evaluable patients, 21% experienced a greater than 50% decrease in PSA, and 79% experienced a
decrease in PSA velocity. In a further effort to develop new calcitriol based therapies for
advanced malignancy, we investigated the effect of combining calcitriol with cytotoxic agents.
Preclinically we demonstrate that there is an increase in anti-tumor activity in prostatic
adenocarcinoma using calcitriol in combination with paclitaxel in vitro and in vivo as measured
in clonogenic assays and tumor growth inhibition studies. Based upon these findings, we
propose that calcitriol plus paclitaxel combination therapy may have utility in the treatment of

patients with prostate cancer.

The clinical use of calcitriol may be restricted by its dose-limiting toxicity,

hypercalcemia. However, a variety of calcitriol analogs, including I1.X-23-7553 and EB1089,

have been described which possess antiproliferative activity in vivo without inducing
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hypercalcerhia (7,29). 1t has recently been shown that EB1089, when combined with paclitaxel,
inhibits the growth of MCF-7 breast cancer cells in vivo (30). Further, we observe that paclitaxel
appears to attenuate calcitriol mediated hypercalcemia in pre-clinical models and our ongoing
phase 1 clinical trial (31). Agents that disrupt or stabilize microtubules can inhibit calcium
transport, which may account for this activity (32). Thus, paclitaxel and either calcitriol or

analogs may be a safe and effective combination in the treatment of human cancer.

We have further demonstrated that calcitriol enhances paclitaxel antiproliferative activity
in vitro and in vivo in the murine squamous cell model, SCCVII/SF. A previous report indicates
that these cells are relatively resistant to paclitaxel in vivo at a concentration of 40 mg/kg (33).
We found that although paclitaxel (20 mg/kg) has little activity when administered to tumor-
bearing mice as a single agent, pre-treatment with calcitriol yields substantial antitumor activity
(Fig. 3B). These data suggest that calcitriol and paclitaxel combination therapy may be useful

even in the treatment of tumors that are paclitaxel insensitive.

Paclitaxel cytotoxicity is increased in MCF-7 breast cancer cells and HCT116 colon
cancer cells when p21 expression is specifically perturbed (17, 18). Since calcitriol treatment
reduces p21 expression in the SCC model (14) and in PC-3 cells (Fig. 5), we hypothesized that
calcitriol might enhance the antitumor activity of paclitaxel via its effect on p21. To test this, we
examined whether paclitaxel effects were enhanced in cells pre-treated with calcitriol (p21 low)

vs cells which received concurrent calcitriol (baseline p21) and paclitaxel.
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Paclitaxel-mediated apoptosis in LNCaP and PC-3 prostate cancer cells has been
associated with Bcl-2 phosphorylation and inactivation (20) and/or down-modulation of the

related apoptotic suppressor, Bcl-Xj (34). Consistent with these results, we found that within

24h, paclitaxel treatment resulted in phosphorylation of the apoptotic suppressor protein, Bcl-2.
Loss or inactivation of Bcl-2 in prostate cancer cells following paclitaxel administration has been
proposed to promote cell death by shifting the intracellular balance of death regulators in favor
of pro-apoptotic molecules such as Bax (20). In our studies, paclitaxel-mediated changes in the
intracellular levels of Bcl-2 temporally precede the loss of full-length PARP, suggesting that they

may initiate the apoptotic program.

Although calcitriol had no effect on paclitaxel modulation of Bcl-2, calcitriol accelerated
paclitaxel-induced apoptosis in cells that detached following treatment (Fig. 6B). This was most
evident after 48h, where addition of calcitriol prior to or concurrent with paclitaxel resulted in a
greater reduction in full-length PARP than administration of paclitaxel alone. Since the
enhancement of paclitaxel effect did not depend on the schedule of calcitriol administration, it is

unlikely that calcitriol increased paclitaxel activity in PC-3 via its effects on p21.

Wang et al. recently demonstrated that calcitriol pre-treatment increases paclitaxel
induction of cell death and paclitaxel antitumor activity in vitro in MCF-7 breast cancer cells
(35). However, in contrast to our findings, calcitriol modestly increased the effect of paclitaxel
on Bcl-2 phosphorylation. Comparison of these two studies reveals that althpugh a 24h exposure

to 100nM paclitaxel results in minimal Bcl-2 phosphorylation in MCF-7, this exposure results in
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strong induction of Bcl-2 phosphorylation in PC-3. This strong induction may have prohibited
the detection of a subtle effect of calcitriol on paclitaxel-mediated Bcl-2 phosphorylation in

PC-3.

Studies described above strongly suggest that calcitriol induces programmed cell death
in SCC cells via the induction of the pro-apoptotic signaling molecule MEKK-1 while blocking
pro-survival signals from the MEK-Erk and Akt pathways. Based on these findings, we propose
that, prior to commitment to apoptosis, calcitriol up-regulates MEKK-1 in non-apoptotic,
attached cells , but at levels which are insufficient to overcome the opposing effects of the MEK-
Erk and Akt survival pathways. Unknown factors then trigger limited activation of caspases,
including an unidentified caspase (or caspase-dependent protease; discussed below) that is
selectively activated in calcitriol-treated cells. This caspase activity promotes MEK cleavage
and removal of the MEK-Erk pro-survival signal. Furthermore, caspase-dependent proteolysis
of Akt kinase occurs (24) and results in abrogation of this survival signal as well. Finally,
MEKK-1 undergoes partial proteolysis at its N-terminal regulatory domain, producing species
that exhibit constitutive activity, further activating caspases and significantly enhancing the pro-
apoptotic signal. Activation of the MEKK-1-mediated stress pathway(s), without the presence of
offsetting anti-apoptotic signals, is proposed to be sufficient for committing cells to enter

apoptosis.

The results presented herein shed light on the molecular events involved in calcitriol—-

induced apoptosis and provide a biochemical basis for the use of calcitriol (and calcitriol

analogues) in the treatment of cancer. Indeed, clinical trials are currently underway here to
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assess the efficacy of calcitriol-based compounds both as a single agent as well as in
combination with traditional chemotherapeutic agents. It is intriguing to speculate, based on the
results described above, that calcitriol may be priming the cells to exhibit heightened sensitivity
to the cytotoxic regimen by either up-regulating MEKK-1 expression/activity, inducing a

calcitriol-selective caspase/protease, or both.

In summary, our data demonstrate that calcitriol enhances paclitaxel antitumor activity in
PC-3 and SCC cells in vitro and in vivo and indicate that novel calcitriol/ paclitaxel based
combination therapies may have significant clinical utility in the treatment of a variety of solid

tumors including prostate cancer.
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Figure legends:

Fig. 1. Dose-response curves of SCC cells treated in vitro with calcitriol (1,25-D3) alone (A),
with varying doses of paclitaxel alone (O), pre-treated with 1,25-D3 followed by paclitaxel (@),
or treated simultaneously with 1,25-D3 plus paclitaxel (A), as measured by growth inhibition in
the 7-day in vitro clonogenic assay. In pre-treated cells, 1,25-D3 was added 24h prior to
paclitaxel. Cells were exposed to paclitaxel for 24h. 1,25-D3 was used at a concentration of 4

nM. Each point represents the mean surviving fraction as determined by counting triplicate

wells; error bars represent the 95% confidence intervals. Note that the symbol for the 1,25-D3

alone treatment group is arbitrarily placed with respect to the x-axis. Values for pre-treatment

with 1,25-D3 followed by paclitaxel are significantly different than those obtained for paclitaxel

alone; *, p < 0.01.

Fig. 2. Dose-response curves of PC-3 cells treated in vitro with 1,25-D3 alone (A), with varying
doses of paclitaxel alone (O), or pre-treated with 1,25-D3 for 24h followed by paclitaxel (@) as

measured by growth inhibition in the 7-day in vitro clonogenic assay. Cells were exposed to

paclitaxel for 24h. 1,25-D3 was used at a concentration of 5 pM. Each point represents the mean

surviving fraction as determined by counting triplicate wells; error bars represent the 95%

confidence intervals. Note that the symbol for the 1,25-D3 alone treatment group is arbitrarily
placed with respect to the x-axis. Values for pre-treatment with 1,25-D3 followed by paclitaxel

are significantly different than those obtained for paclitaxel alone; *, p<0.0004.



Fig. 3. 1,25-Dj increases paclitaxel antitumor activity in SCC in vivo. (A) SCC tumor bearing
mice were treated with saline (O) or 2.5 pg 1,25-D3 each day for 3 days (@). On the third day,
mice also receivéd varying intraperitoneal doses of paclitaxel (0 to 60 mg/kg). Twenty-four
hours later, tumors were harvested, di.ssociated, and plated in the excision clonogenic assay.
Colonies were enumerated after 7 days. Each point represents the mean surviving fraction for
total clonogenic cells per gram of tumor (3 to 5 mice per treatment group). (*)Values for
treatment with 1,25-D3 followed by paclitaxel are significantly different than those obtained for
paclitaxel alone; p<0.01. (B) C3H mice bearing palpable, subcutaneous SCC tumors were treated
with either saline (03), 1.25 pg 1,25-D3 daily for 3 days (&), 20 mg/kg paclitaxel on day 3 (O),
or the combination of 1.25 pg 1,25-D3 daily for 3 days plus 20 mg/kg paclitaxel on day 3 (@).
Both agents were administered i.p. Tumor measurements were obtained on the days indicated,
and fractional tumor volumes calculated as described in Materials. Data points represent the

mean fractional tumor volume + SD for 5 animals per group. Values significantly different from

no treatment are shown: *, p <.01.

Fig. 4. 1,25-Dj increases paclitaxel antitumor activity in PC-3 in vivo. (A) Nude mice bearing
palpable, subcutaneous PC-3 tumors were treated with either saline (0J), 0.75 pg 1,25-D3 daily
for 3 days (A), 10 mg/kg paclitaxel on day 3 (O), or the combination of 0.75 pg 1,25-D3 daily

for 3 days plus 10 mg/kg paclitaxel on day 3 (@). Both agents were administered i.p. Fractional
tumor volumes were calculated as described in the legend for Fig. 3B. Data points represent the

mean fractional tumor volume * SD for 5 animals per group. Arrows indicate treatment days.



(B) Animals previously treated with 1,25-D3 plus paclitaxel on days 8-10 were treated with a

second cycle of therapy on days 29-31.

Fig 5. Antitumor activity of calcitriol and docetaxel. Fractional tumor volume (mean + SD)
of PC-3 tumor bearing mice (8-10 per group) either untreated (o), treated with a single dose of
docetaxel (Img/kg) with dex (9 pg/mouse, daily x 4; -1, 1, 2, 3) (@), or pre-treated with calcitriol

(0.75 pg/day x 3 days)/dex ([0) and in combination (m).

Fig. 6. 1,25-D3 modulates expression of the cdk inhibitor p21 in PC-3 cells. Whole cell lysates
were prepared from subconfluent PC-3 cells treated in vitro with EtOH solvent control or 5 uM

1,25-D3 for 24-96h. Proteins were resolved on SDS-polyacrylamide gels under denaturing

conditions, transferred to PVDF membrane, and analyzed by Western blot using polyclonal anti-
p21 antibodies. Protein expression levels were quantitated by densitometry and are expressed as

a percentage of EtOH control at each time point.

Fig. 7. Paclitaxel modulates expression of apoptosis associated proteins Bcl-2 and PARP in PC-
3 cells. Wholé cell lysates were prepared from subconfluent PC-3 cells treated in vitro with
EtOH, 5 uM 1,25-D3 100 nM paclitaxel (ptx), or 5 uM 1,25-D3 concurrent with (1,25D3+ptx)
or prior to (1,25-D3/ptx) 100 nM paclitaxel. 1,25-D3 pre-treatment was for 72h. Time points are
hours post paclitaxel addition. Proteins were resolved on SDS-polyacrylamide gels under

denaturing conditions, transferred to PVDF membrane, and analyzed by Western blot using

antibodies raised against (A) Bcl-2 or (B) PARP. (*) No floating cells were obtained.



Fig 8. Calcitriol induces apoptosis in tumor cells in vitro. Cells were treated with either vehicle
(<0.001 % ethanol, EtOH) or 10 nM calcitriol in RPMI medium containing 12 % fetal bovine
serum (FBS). After 2 days, cells were processed for Western blotting. Immunoblot analysis
with anti-PARP indicates that the floating population of cells'(but not the attached cells) are

apoptotic.

Fig 9. Calcitriol induces MEK cleavage and blocks MEK-Erk1/2 signaling. Cells were treated
and processed for immunoblotting to assess the phosphorylation/activation and expression of
MEK and Erk1/2 . Cleavage fragments appeared at either 33 kDa or 28 kDa in apoptotic cell
populations.

Fig 10. Calcitriol-induced MEK cleavage and inhibition of MEK-Erk signaling is inhibited by
zVAD. Cells were treated and lysates prepared and subjected to immunoblotting with

appropriate antibodies.

Fig 11. Cells were treated 2 days and then processed for immunoblotting with anti-phospho-Akt

and anti-Akt antibodies.

Fig 12. Calcitriol induces MEKK-1 expression and proteolysis in apoptotic cells. (A) cells
were treated 2 d and then processed for anti-MEKK-1 immunoblotting to assess MEKK -1

expression. (B) cells were treated for either 1 or 2 d and then processed as described above.

Fig 13. Calcitriol and cisplatin both induce PARP cleavage but only calcitriol induces

significant loss of MEK expression, MEK cleavage, and up-regulation/proteolysis of MEKK-1.



Cells were treated 2 d with either vehicle, 10 nM calcitriol or 1 Og/ml cisplatin (cDDP) and
processed for immunoblotting to assess PARP cleavage, MEK expression/cleavage, and MEKK-
1 expression/proteolysis. These results suggest that MEK cleavage is not a general phenomenon

of apoptosis (as is PARP cleavage), but is selectively induced by calcitriol.

Fig 14. Absolute neutrophil counts from patients(#1-4) treated with paclitaxel and calcitriol

(4pg) at various times post-treatment with calcitriol (at day 0).

Fig 15. Mean plasma paclitaxel concentrations from a representative patient on day 0 (e) and
day 10 (o).
Figl6. Comparison of the AUC of paclitaxel from the two courses (DDD-paclitaxel and

paclitaxel-DDD) Each dot represents results from a single patient.

Fig 17. Serum calcitriol AUC from patients treated with paclitaxel and calcitriol. Each dot

represents data from an individual patient.
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Figure 5

Effect of 1,25D; and docetaxel on
PC-3 tumor bearing mice.
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Figure 16

Com parison of Course 1 and Course 2 Paclitaxel AUC in
Patients Getting Weekly 1-Hour Paclitaxel Infusions
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Calcitriol (1,25-Dihydroxycholecalciferol) Enhances Paclitaxel
Antitumor Activity in Vitro and in Vivo and Accelerates

Paclitaxel-induced Apoptosis’

Pamela A. Hershberger,” Wei-Dong Yu,
Ruth A. Modzelewski, Robert M. Rueger,
Candace S. Johnson, and Donald L. Trump

Deputttnettts of Pharmacology [P. A. H., W-D. Y.. R. A. M., R, M. R.,
C. 8.1}, Medicine [C. S.J.. D. L. T.], and Surgery [D. L. T.] and the
University of Pinsburgh Cancer Institute [C. S. J., D. L. T.],
University of Pirtsburgh, School of Medicine, Pittsburgh,
Pednsylvania 15213

ABSTRACT

We demonstrated that calcitriol has antiproliferative
activity ifi squamous cell carcinoma and prostatic adenocar-
¢inoma and enhances the aniitumor activity of platinum-
based agents. In this study, we examined whether calcitriol
also increases paclitaxel cytotoxicity. The effect of treatment
on growth of the murine squamous cell carcinoma (SCCVIV/
SF) and human prostatic adenocarcinoma (PC-3) was deter-
mined by clonogenic assay, 3-(4,5-dimethylthiazol-2-y1)-2;5-
diphenyltetrazolium bromide assay, and monitoring tumor
growth. Treatment of SCC or PC-3 cells in vitro with caléit-
¥iol prior to paclitaxel significantly reduced clonogéiiié §uf-
vival compared with either agent alone. Median-dose efféct
analysis revealed that caleitriol and paclitaxel interact syn-
ergistically. Treatment of SCC or PC-3 tumeor-bearing miee
with calcitriol prior to paclitaxel resulted in substantiaily
greater growth inhibition than was achieved with efther
agent along, supporting the combined use of calcitriol and
paclitaxel in the treatment of solid tumors: To explore the
molecular basis for the enhianced antitimor activity of this
combination, the éffect of treatinent on p21%3tt (p21),
Bci-2, and poly(ADP-ribose) polyinerase expression was
evaluated in PC-3. A 72-h pretreatment with ealeltriol re-
duced p21 expression and increased paclitaxel eytotosieity
(measured after 24 h) without evidence of apoptosis [{oly=
(ADP-ribose) polymerase €leavage). After 48 h, paclitaxel
induced apoptosis, the extent of which was increased simi-
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larly by pretreatment or concurrent treatment with calcit-
riol. We therefore propose a model for calcitriol enhance-
ment of paclitaxel cytotoxicity in which the “early” (24 h)
effects are schedule dependent and net attributed to en-
hancement of paclitaxel-induced apoptosis. In contrast, the
“delayed” (48-h) enhancement of paclitaxel activity by cal-
citriol is schedule independent and associated with acceler-
ation of apoptosis.

INTRODUCTION

In addition to its classical role in bone and mineral metab-
olism, the seco-steroid hormone, vitamin D, (calcitriol, 1,25-
difiydroxycholecalciferol) has antiproiiferative activity in solid
tutnor models both in virro (1-7) and in vivo (I, 4. 7, 8).
Calcitriol binding activates the vitamin D receptor, a member of
the steroid nuclear receptor superfamily, resulting in modulation
of the transcription of target genes (9). Calcirtiol treatment
induces expression of the cdk® imhibitors, p21 W< (p21)
and/or p27'e! (p27), in breast (10), prostate (11), and pancreatic
cancer cell lines (6) in vitro. These proteins block progression
into S-phase by binding to and inhibiting cyclin:cdk complexes
(19, A

We determined that calcitriol inhibits growth of the murine
SCC SCCVI/SF (2, 7y and the growth and metastatic potential

. of the Dunning rat prostatic adenocarcinoma, Mat-lylu (1). We

subsequently evaluated the use of calcitriol in combination with
cytotoxic agents and found that calcitriol synergistically es-
hanced the antitumer activity of cisplatin and carboplatin in
vitro and in vive. and that these effects were schedule dependent
(13).

In SCC, mechanistic studies revealed that calcitriol induces
Go-G, arrest (13), a decrease in Rb phosphorylation, an increase
in expression of p27, and a decrease in expression of p21 (14).
Expression of p21 is also reduced in SCC tumors harvested from
armimals treated with therapeutic doses of calcitriol (14). These
findings suggést that p21 down-modulation may be a compo-
nent of the mechanism by which caleitriol exerts antiprolifera-
tive acuvity,

Recent studies indicate that a reduction in p21 expression
sensitizes tumor cells to both DNA-damaging agents (15, 16)
and micronbule-damaging agents such as paclitaxel (17-19). In
MCF-7 breast carcinoma cells, paclitaxel induces p21 expres-
sion; treamment of these cells with antisense p21 oligonucleo-

* The abbreviations used are: cdk. cyclin-dependent kinase; SCC, squa-
mous cell carcinoma: MTT, 3-(4,5-dimethylthiazol-2-y1)-2,5-diphe-
nyltetrazolium bromide: PARP, poly (ADP-ribose) polymerase; CI,
combination index; PSA, prostate-specific antigen; PVDF, polyvinyli-
dene difluoride.
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tides increases paclitaxel cytotoxicity (17). Similarly, paclitaxel
antitumor activity is increased in virro and in viveo in HCT116
colen carcinoma cells made deficient in p21 expression (18).
Compared with p21+/+ controls, these cells displayed an in-
crease in paclitaxel-induced apoptosis.

Given the ability of calcitriol to decrease p21 expression in
SCC in virro and in vivo and the reported association between
reduced expression of p21 and increased sensitivity to pacli-
taxel, we hypothesized that calcitriol would enhance the antitu-
mor activity and apoptosis-promoting ability of paclitaxel.

MATERIALS AND METHODS

Tumor Cells and Model Systems. SCCVII/SF is a mod-
erately well-differentiated SCC derived from a spontaneously
arising mmor of the C3H mouse (20). SCCVII/SF cells were
obtained from K. Fu (University of San Francisco, San Fran-
cisco, CA). They were transplanted in 6—10-week-old female
C3H/Hel mice (obtained from The Jackson Laboratory, Bar
Harbor. ME). For in virro studies, cells were grown in RPMI
1640 containing penicillin-streptomycin and 15% FCS (Hy-
Clone Laborararies. Inc., Logan, UT) at 37°C in a humidified
atmosphere comaining 5% CO,. In vivo, SCCs were routinely
produced by s.c. inoculation of 5 X 10° log-phase tissue culture
cells in the right flank of each mouse. Studies were initiated ~9
days later when mmors were palpable.

The human prostatic adenocarcinoma cell line PC-3 was
obtained from the American Type Cuiture Collection (Manas-
sas. VA). For in virro studies, cells wers grown in F-12K
medium containing penicillin-streptomycin and 10% FCS and 2
mu L-glutamine ar 37°C in a humidified atmosphere containing
5% CO,. In vivo, adenocarcinomas were routinely produced by
s.c. inoculation of 2 X 10° log-phase tissue culture cells mixed
1:1 with Matrigel (Becton Dickinson, Bedford, MA) in the right
flank of each nude mouse (Taconic Farms, Germantown, NY).
Studies were initiated when tumors were palpable. Animals
were used in accordance with Institutional Animal Care and Use
Comminee guidelines.

Chemicals and Reagents. Calcitriol (Hoffmann-
LaRoche, Nutley, NI} was reconstituted in 100% ethanol and
stored protected. from light under a layer of nirogen gas at
—70°C. All handling of calcitriol was performed with indirect
lighting. Paclitaxel (Taxol; Bristol-Myers Squibb, Princeton,
NJ) was purchased as a 6 mg/ml solution in Cremophor EL and
was diluted in tissue culture medium or sterile saline just prior
to use. The antibodies used in these studies were monoclonal
mouse anti-PARP (Enzyme Systems, Livermore, CA), mono-
clonal mouse antthuman Bcl-2 (Dako, Carpinteria, CA), and
polyclonal rabbir anti-p21 (Santa Cruz Biotechnology, Santa
Cruz, CA). Antirabbit and antimouse horseradish peroxidase-
conjugated secondary antibodies were purchased from Amer-
sham Life Sciences (Arlington Heights, IL) and Promega Corp.
(Madison, W1), respectively. Actin was detected using the actin
(Ab-1) kit from Oncogens Research Products (Boston. MA).

In Vitro Clonogenic Tumor Cell Survival Assay. Tu-
mor cells were incubated for 24 h in T25 flasks (Corning Costar
Corp., Cambridge, MA) with or without calcimiol. Cells were
then either left untreated or were treated with various concea-
trations of paclitaxel for an additional 24 h. The cells were then

harvested and counted, and a fixed number of cells were re-
plated into six-well tissue culture plates (Corning Costar). After
a 7-day incubation at 37°C in a humidified atmosphere contain-
ing 5% CO,, cell monolavers were washed with saline, fixed
with 100% methanol, and stained with 10% Giemsa. Colonies,
defined as being >30 cells, were counted with the use of a light
microscope. The surviving fraction is defined as follows: Sur-
viving fraction = [fraction of viable cells recovered X (cloning
efficiency of treated cells/cloning efficiency of untreated, con-
trol cells)].

MTT Assay and Drug Interaction Analysis. SCC cells
were plated at 1.5 X 10° cells/well into 96-well tissue culture
plates (Corning Glass Inc., Corning, NY) and incubated at 37°C
in a humidified atmosphere containing 5% CO.. After a 24-h
recovery, cells were either unireated or treated for 24 h with
varying doses of calcitriol. Subsequently, cells received no
further treatment or were treated for 24 h with varying doses of
paclitaxel. Plates were harvested by staining with 0.5% MTT,
and the absorbance was read with an ELISA reader (model
EL-340; Bio-Tek Instruments, Winooski, VT) at 460 nm. Drug
interactions were quantitated by median-dose effect analysis
(21), and combination index values were derived using Cal-
cuSyn software (Biosoft, Ferguson, MO), as described previ-
ously (22). CI values of <1, =1, and >| indicate synergism,
additivity, and antagonism between the drugs, respectively.

In Vivo Excision Clonogenic Assay. Mice with 9-day
SCCs (three to five animals/group) were treated with saline or
2.5 ug of calcitriol each day for 3 days. On day 3, mice also
received varying doses of paclitaxel. Twenty-four h after the last
injection, the animals were sacrificed. and their tumors were
excised. Aliquots of minced tumor were enzymarically dissoci-
ated for 60 min ar room temperature with a mizture of type I
collagenase, DNase, and EDTA. For each treatment group, a
fixed number of viable tumor cells, as determined by trypan biue
staining, were then plated in six-well tissue culture plates. After
incubation for 7 days, colonies were counted, and the surviving
fraction was caiculated using the equation: Surviving fraction =
(the cloning efficiency of treated cells/cloning efficiency of
untreated, control cells). The surviving fraction per gram of
tumor is defined as the number of clonogenic tumor cells per
gram of treated tumor divided by the number of clonogenic
tumor cells per gram of control, untreated tumor.

Tumor Growth Inhibition. To examine the in vivo an-
titumor acdvity of calcitriol, paclitaxel, or the combination of
calcitriol with paclitaxel, trearment was inidated on animals
bearing palpable SCC or PC-3 tumors. Animals were treated for
3 days with single, daily 1.p. injecrions of saline or calcimiol. On
day 3, animals also recsived a single i.p. injection of paclitaxel.
Tumor measurements were obtained using calipers prior to
initating treatment (inital tumor volume) and on the days
indicated. Tumor volumes were calculated by the following
formula: volume = (length X width?)/2. For each tumor, frac-
tional tumor volumes were calculated using the following for-
mula: Fractional tumor volume = (volume on day measured)/ )
(initial tumor volume),

Preparation of Cell Lysates and Western Blot Analysxs
PC-3 cells were seeded into T75 flasks at densides of 1 X 10
to 2 X 10“ cells/ml. Forty-eight h later, the medium was re-
placed. Treatments were done by adding concentated drug
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stocks directly to the culture fHedi
detached from the tissue cuimire’pl
lecting the culture medium, After
cells were scraped up into' PE
were maintained as separate
by centrifugation and washed once
pellets were stored at —70°C. Pro

arioiis times, cells that
arvested by col-
A gse cells, adherent
ed’ and; adherent cells
We;"e collected
and. the resulting
prepared by
X-100,0.1%
1 X protease

mhmnor cocktail (Phar\/Imven
transferred to 1.5-ml Eppendov !

Laboratories, Hercules CA) accordl '
tions. Protem lysates were stored: at:

milk in TBST (10 mm Tris, p__H_. 7.0
Tween 20) and then incubated for' 17T )
The blots were washed three times in: TBST
incubated with secondary antibody Lonjugate
peroxidase for 1 h. The blots were againr Washed;. and the
proteins were detected using Renaissance Westem: blpt chemi-
luminescence reagents (NEN Life Stience: Brodicts).

RESULTS :
Calcitriol Increases Paclitaxel Antlfumo Actwlty in
Vitro. To examine the antitumor activity:
paclitaxel alone, or in combination, murine SEC
in an in vitro clonogenic assay. SCC c_:ells,;wer’e
paclitaxel or calcitriol alone; (b) prstreate&: ;
riol and then treated with paclitaxel; or (&);
neously with both agents. Paclitaxel was. not. adininisté
to calcitriol in these studies because pilot i vivio
demonstrated that this schedule was associate
toxicity (data not shown). As we reported pres
inhibits clonogenic survival in SCC withi an
1; Ref. 7). Paclitaxel alone also inhibits SC!

tumor activity in SCC is 1ncreased by combmlncy :
paclitaxel, and the optimal schedule for adrmmstr 161
ment with -calcitriol, followed by paclitaxel: )
Snmlarly, we examined whether the combmauon o;

treated in virro for 24 h with or without calcxtnol and gceived
no further treatment or were treated for an additi@jnal 7i
varying concentrations of paclitaxel. As shown-in
citriol alone had detectable antiproliferatiVe. activity
cells, with an IC5q of 5 um. Paclitaxel, when uséd:as.a sing
agent, reduced PC-3 clonogenic survival .in a concentrat
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Fig. 1 Dose-response curves of SCC cells treated in vitro with calcit-
riol alone (A), with varying doses of paclitaxet alone (O), pretreated
with calcitriol followed by paclitaxel (@), or treated simultaneously with
calcitriol plus paclitaxel (A), as measured by growth inhibition in the
7-day in virro clonogenic assay. In pretreated cells, calcitriol was added
24 h prior to paclitaxel. Cells were exposed to paclitaxel for a total of
24 h. Calcitriol was used at a concentratdon of 4 am. Each point
represents the mean surviving fraction as determined by counting trip-
licate wells: bars, 95% confidence intervals. Note that the symbol for
the calcitriol-alone treatment group is arbitrarily placed with respect to
the X axis. Values for pretreatment with calcitriol followed by paclitaxel
are significantly different from those obtained for paclitaxel alone; x,
P =0.01.

dependent manner. Significantly greater growth inhibition was
achieved by pretreating the cells with calcitriol at each of the
paclitaxel concentrations tested. Therefore, the combination of
calcitriol plus paclitaxel displays increased antiproliferative ac-
tivity in murine SCC and human prostatic adenocarcinoma,
indicating that the effects are not cell type specific.

The Interaction between Calcitriol and Paclitaxel Is
Synergistic in Viro. Median-dose effect analysis (21) was
used to evaluate the nature of the interaction between caicitiol
and paclitaxel. SCC cells were treated with calcitriol or pacli-
taxel alone or were treated using the optimally defined sequence
of calcitriol, followed by paclitaxel. Total drug exposures were
fixed at 48 h for.calcirriol and 24 h for paclitaxel. Dose-effect
data were used to derive a combination index, as described
previously (22). As shown in Fig, 3, Cls <1.0 were obtained for
all combinations of calcimiol and paclitaxel examined. indicat-
ing that the interaction between the two drugs is synergistic.

~ Calcitriol Increases Paclitaxel Antitumor Activity in
Vivo. To evaluate whether the combination of calcitriol and
paclitaxel has greater in vivo antitamor activity compared with
gither agent alone, the excision clonogenic assay was used. As
ahown in Fig. 44, the combination of calcitriol plus paclitaxel

f@Sul_tad In a significantly greater decrease in surviving fraction



4

'l
1046 Calcimiol Enhances Paclitaxel Antitumor Activity

100 -
"AD
o L
e
i
o 10t
© 3
i r
— b
jo7] L
pome
2
L
- r
(¢5] r
L 2
T
ST — : ; ;
10° 101 102 103 104

Paclitaxe! {(nM)

Fig. 2 Dose-response curves of PC-3 cells treated in virro with calcit-
riol alone (A), with varving doses of paclitaxe! aione (O), or pretreated
with caleirriol for 24 h followed by paclitaxel (®) as measured by
growth inhibition in the 7-day in vitro clonogenic assay. Cells were
exposed to paclitaxel for 24 h. Calcimiol was used at a concentration of
3 uMm. Each poinz represents the meun surviving fracton as determined
by counting triplicate wells; bars, 95% confidence intervals. Note that
the symbol for the calcitriol-alone treatment group is arbitrarily placed
with respect to the X axis. Values for pretreatment with caleitriol
followed by paclitaxe] are significantly different from those obtained for
paclitaxe! alone; *, P < (0.0004.

as compared with paclitaxel or calcitriol alone. Thus, greater in
vivo antitumor actvity is achieved in SCC by preweatment with
caleitriol followed by paclitaxel. :

To determine whether an increase in clonogenic cell kill
was associated with inhibition of tumor growth, SCC tumor-
bearing mice were treated with saline, calcitriol or paclitaxel
alome, or calcitriol in combination with paclitaxel. We used a
schedule of daily X 3 doses of calcitriol with paclitaxel admin-
istered on day 3. This calciiriol dosing regimen was reported
previously to maximize antitumor efficacy while minimizing
toxicity or hypercalcemia (13). In SCC, paclitaxel had no sig-
nificant activity when used as a single-agent therapy, and cal-
citriol alone exhibited cytostatic activity (Fig. 4B). In contrast,
the combination of calcitriol with paclitaxe! resuited in signifi-
cant tumor regression (Fig. 4B).

To determine whether calcitriol plus paclitaxel combina-
tion therapy also displays increased antiproliferative activity in
vivo in PC-3, tumor-bearing mice were treated with saline,
caleimiol or paclitaxel alone, or calcitriol in combination with
paclitaxel using the dosing schedule described for SCC. As
shown in Fig, 54, neither paclitaxel nor calcitriol had significant
actvity when used as a single-agent therapy in PC-3. However.
significant antitumor activity was observed when PC-3 tumor-
bearing mice were treated with calcitriol followed by paclitaxel

0.001875

Pan:ﬂfaxel(_pM)

Fig. 3 Assessment of the interaction between calciwiol and paclitaxel
in SCC. Cells were plated at 1.5 X 107 cells/well into 96-well tssue
culture plates. and allowed to recover for 24 h. Cells were then either
untreated or pretreated for 24 h with the indicated doses of calcitriol.
Subsequently, cells received either no further wearment or were weated
for 24 h with the indicated doses of paclitaxel. Plates were harvested by
staining with MTT, and the absorbance was read at 460 nm. The
dose-effect data obtained for each drug alone and in combination were
used to calculate CI vaines as described previously (22).

(Fig. 54). In this model, nearly complete inhibition of mmor
growth was maintained for >2 weeks.

Afrer day 24, PC-3 tumors in animals treated with calcimiol
plus paclitaxel achieved a growth rate comparable with controls
as determined by the slope (m) of the growth curve (0.107
versus 0.102). Retrearment of these animals with calcitriol plus
paclitaxel on days 29-31 resulted in a decrease in the rate of
tumor growth, as evidenced by a change in the slope of the
growth curve for days 32-38 (m, 0.052; Fig. 5B). These data
indicate that previously treated tumors remain responsive to
calcitriol plus paclitaxel and that prolonged antitumor activity
may be achieved by repeated cycles of therapy.

Calcitriol Decreases p21 Expression and Accelerates
Paclitaxel-induced Apoptosis. Given the findings that loss of
p21 sensitizes MCF-7 and HCT116 cells to paclitaxel (17, 18)
and caicitriol decreases p21 expression in SCC (14), we hypoth-
esized that calcitriol enhances paclitaxel antiftumor activity via
its effects on p21. To test whether calcitriol treatment decreases
p21 expression in PC-3 as it does in SCC, cells were treated in
virro with ethanol vehicle control or calcitriol. At various times,
whole cell lysates wWere prepared and analyzed for p2] expres-
sion by Western blot. As shown in Fig. 6. calcitriol treatment
resulted in a 60% decrease in p21 expression in PC-3 cells after
72 h and an 80% decrease in expression after 96 h.

To determine whether PC-3 cells with reduced p21 expres-
sion are more sensitive to paciitaxel than cells with baseline p21
expression, cells were pretreated for 72 h with ethanol solvent
control or calcitriol as indicated in Table 1. Cells subsequenty
received no further treatment or were treated with paclitaxel
alone or calcitriol plus paclitaxel. Viable cells were counted 24 b
after paclitaxel addition. Coadministration of calcitriol plus pa-
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Fig. 4 Calcitrio] increases paclitaxel antitumor activity in SCC in vive. A, SCC tumor-bearing mice were treated with saline (O) or 2.5 pg of
calcitriol each day for 3 days (®). On the third day, mice also received varying i.p. doses of paclitaxel (0—60 mg/kg). Twenty-four h later,
tumors were harvested, dissociated, and plated in the excision clonogenic assay. Colonies were enumerated after 7 days. Each poinr represents
the mean surviving fraction for total clonogenic cells/gram of tumor (three to five mice per treatment group). *, vaiues for treatment with
calcitriol followed by paclitaxel are significantly different from those obtained for paclitaxel alone; £ < 0.01. 8, C3H mice bearing palpable.
s.c. SCC tumors were treated with either saline ((0), 1.25 pg of calcitriol daily for 3 days (A), 20 mg/kg paclitaxel on day 3 (O), or the
combination of 1.25 pg of calcitriol daily for 3 days plus 20 mg/kg paciitaxel on day 3 (@). Both agents were administered i.p. Tumor
measurements were obtained on the days indicated, and fractional tumor volumes were calculated as described in “Materials and Methods.”

Data points represent the mean fractional tumor volume for five animais/group; bars; SD. Values significantly different from no treatment are
shown. *, P < 0.01.
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Fig. 5 Calcitriol increases paclitaxel antitumor activity in PC-3 in vivo. A, nude mice bearing palpable, s.c. PC-3 tumors were treated with either
saline (L3, 0.75 g of calcitriol daily for 3 days (A), 10 mg/kg paclitaxel on day 3 (O), or the combination of 0.75 ug of calcitriol daily for 3 days
plus 10 mg/ke paclitaxel on day 3 (@). Both agents were administered i.p. Fractional tumor volumes were calculated as described in the legend for
Fig. 4B. Data points represent the mean fractional mmor volume for five animals/group; bars, SD. Arrows, treatment days. B. animals treaed
previcusly with calcitriol plus paclitaxel on days 8~10 were treated with a second cycle of therapy on days 29-31. m, the slope of the growth curve
derived by linear regression of tumor volume data obtained on the days indicated.
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Fig. 6 Calcitriol modulates expression of the cdk inhibitor p2l in
PC-3 cells. Whole cell Lysates were prepared from subconfluent PC-3
cells treated i vitro with ethanol solvent control or 5 wM calcitriol for
24-96 h. Proteins were resolved on SDS-polyacrylamide gels under
denaturing conditions, transterred to PVDF membrane, and analyzed by
Western blot using polyclonal anti-p21 antibodies. Protein expression
levels were quantitated by densitometry and are expressed as a percent-
age of ethano! control at each time point. A representative experiment is
shown. £:OH, ethanol.

clitaxel resulted in a greater reduction in cell number than
treatment with either agent alone (Table 1). However, the effect
of the combination was only additive. In contrast, a greater than
additive reduction in cell number was obtained when cells were
pretreated with calcitriol followed by paclitaxel. Thus, 2 calcit-
riol preweatment that reduces p21 expression further enhances
paclitaxel cytotoxicity in PC-3.

Paclitaxel-induced apoptosis in PC-3 is associated with
phosphorylation of Bcl-2 (23), which inactivates the apoptotic
suppressor function of this protein (23-25). Therefore. to deter-
mine whether PC-3 cells with reduced P21 expression show
enhanced paclitaxel activity at the molecular level, we examined
whether calcitriol pretreatment increased or accelerated pacli-
taxel-induced changes in Bel-2 expression and apoptosis. As
outlined in Table 1, PC-3 cells were either treated with ethanol
control or pretreated with 5 wm calcitriol for 72 h, a time
sufficient for p21 down-modulation. Subsequently, cells re-
ceived no further treatment. were treated with paclitaxel alone,

. or were treated with calcitriol plus paclitaxel for varying lengths

of time. Inspection of treated cells revealed two morphologically
distinct populations, one cell population remained adherent after
treatment whereas a second population detached from the cul-
ture dishes. These populations were analyzed separately.

At 24 h, paclitaxel induced Bcl-2 phosphorylation in both
the adherent and detached cell populations (Fig. 7). Whereas
unphosphorylated Bcl-2 was most abundant in the paclitaxel-
treated adherent cells, only the phosphorylated forms of Bel-2
were detected in the detached cells. Phosphorylated Bcl-2 spe-
cies were still detected .in both cell populations after 48 h of
treatment but were virtually absent by 72 h. Calcitriol had little
effect on Bcl-2, and neither pretreatment nor concurrent treat-
ment with calcitriol altered the effects of paclitaxel on Bel-2
expression/phosphorylation.

Apoptosis, as measured by loss of full-length PARP, first
became evident in the detached cells after 48 h of reatment (Fig.
7). At this time, paclitaxel treatment resulted in a 50% reduction
in PARP. Although calcitriol irself did not induce apoptosis, it
enhanced the effects of paclitaxel such that cells treated with
calcitriol prior to or in combination with paclitaxe! displayed a
78% reduction in PARP. By 72 h, PARP was no longer detected
in the cells that detached after paclitaxel administration, and
addition of calcitriol had no further discernible effect. Calcitriol
did not alter the effects of paclitaxel on PARP expression in the
adherent cell population at any of the times examined. The data
obrained at 48 h indicate that calcitriol can accelerate paclitaxel-
induced apoptosis in a subset of PC-3 cells in a schedule-
independent manner.

DISCUSSION

On the basis of epidemiological findings, Schwartz and
Hulka (26) proposed a protective role for calcitriol in prostate
cancer. Subsequently, the antiproliferative activity of calcitriol
on prostatic adenocarcinoma cell lines in vitro (1, 2, 11) and in
vivo (1, 27) was demonstrated. Antiproliferative effects of cal-
citriol were also observed in a pilot clinical trial in which, in a
small set of patients with early, recurrent prostate cancer, cal-
citriol decreased the rate of PSA rise, resulting in an increase in
PSA doubling times (28). PSA responses have also been ob-
served in our ongoing Phase II trial of calcimiol plus dexam-
ethasone in hormone-refractory prostate cancer (29). In this
trial, 812 g of calcitriol was given p.o. Monday, Tuesday, and
Wednesday each week with 4 mg of dexamethasone given
Sunday, Monday, Tuesday, and Wednesday. Among evaluable
patients, 21% experienced a greater than 50% decrease in PSA,
and 79% experienced a decrease in PSA velocity. In a further
effort to develop new calcitriol-based therapies for advanced
malignancy, we investigated the effect of combining calcitriol
with cytotoxic agents,

Preclinically, we demonstrated that there is an increase in
antitumor activity in-prostatic adenocarcinoma using calcitriol
in combination with paclitaxel in vizro and in vivo as measured
in clonogenic assays and tumor growth inhibition studies. On
the basis of these findings, we propose that calcitriol plus
paclitaxel combination therapy may have utility in the treatment
of patients with prostate cancer.

The clinical use of calcitriol may be restricted by its dose-
limiting toxicity, hypercalcemia. However, a variety of calcitriol
analogues, including IL.X-23-7553 and EB1089, have been de-
scribed that possess antiproliferative activity in vivo without
inducing hypercalcemia (7, 30). It has been shown recently that
EB1089, when combined with paclitaxel, inhibits the growth of
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Table 1 Effect of in virro treatment on recovery of viable PC3 cells
PC3 cells (2 X 10°) were seeded and allowed to recover for 48 h. Cells were then treated for 72 h with either ethano] solvent control or calcitriol,
as indicated. For the second weatment, concentrated stocks of paclitaxel alone or calcitriol plus paclitaxel were added directly to the cultures. The final
concentrations of calcitriol and paclitaxel were 5 uM and 100 nM, respectively. Twenty-four h after the second treatment, cells were harvested, and
viable cells were counted using trypan blue. The percentage of reduction in viable cell number was calculated using the equation: 1 — (cell

NUMDET epe/Cell NUMbEIL 0y comror) X 100.
% reduction (in cell no.)

"Group First &x* (72 h) Second tx (24 h) Cell no. (X 10°)
Ethanol Ethanol None 3.37 0
Calcitriol Calcitriol None 2.92 13.3
Ptx Ethanol Ptx 3.17 5.9
Calcitriol + Px Ethanol Calcitrio! + Px 2.72 19.3
Calcitriol/Ptx Calcitriol Px 2.05 393

“ tx. treatment; Ptx, paclitaxel.

Bci-2 PARP

Fig. 7 Paclitaxel modulates ex-

ression of apoptosis-associated
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riol pretreatment was for 72 h. -
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MCF-7 breast cancer cells in vivo (31). Furthermore, we ob-
served that paclitaxel appears to attenuate calcitriol-mediated
hypercaicemia in preclinical models (data not shown). Agents
that disrupt or stabilize microtubules can inhibit calcium trans-
port, which may account for this activity (32). Thus, paclitaxel
and either calcitriol or analogues may be a safe and effective
combination in the treatment of human cancer.
We have further demonstrated that calcitriol enhances pa-
clitaxel antiproliferative activity in vizro and in vivo in the
murine SCC model, SCCVIVSF. A previous report indicates
that these cells are relatively resistant to paclitaxel in vivo at a
concentration of 40 mg/kg (33). We found that although pacli-
taxel (20 mg/kg) has little activity when administered to tumor-
bearing mice as a single agent, pretreatment with calcitriol
yields substantial antitumor activity (Fig. 4B). These data sug-
gest that calcitriol and paclitaxel combination therapy may be
useful, even in the treatment of tumors that are paclitaxel in-

sensitive,
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Paclitaxel cytotoxicity is increased in MCF-7 breast cancer
cells and HCT116 colon cancer cells when p21 expression is
specifically perturbed (17, 18). Because calcitriol treatment re-
duces p21 expression in the SCC model (14) and in PC-3 celis
(Fig. 6), we hypothesized that calcitriol might enhance the
antiturnor activity of paclitaxel via its effect on p21. To test this,
we examined whether paclitaxel effects were enhanced in cells
pretreated with+calcimriol (p21 low) as compared with cells
receiving concurrent calcitriol (baseline p21) and paclitaxel.
Paclitaxel effects were measured by following changes in
viable cell number (Table 1) and molecular markers (Fig. 7). In
the cell recovery studies, we observed a schedule dependence
such that the greatest reduction in cell number occurs when cells
are pretreated with calcitriol for 72 h followed by a 24-h
treatment with paclitaxel. Interestingly, the reducton in cell
number cannot be accounted for by an increase in apoptosis
because no PARP cleavage was detected 24 h after paclitaxel
addition (Fig. 7). However, a different observation is made 48 h
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after paclitaxel addition. At this time, calcitriol alone does not
induce apoptosis but does enhance the level of PARP cleavage
observed in the detached cell population in the presence of
paclitaxel. This enhancement is schedule independent, with sim-
ilar effects observed in paclitaxel-treated cells regardless of
whether they were pretreated .or concurrently treated with cal-
citriol.

On the basis of these data, we propose a model in which the
“early” (within 24 h) enhancement of paclitaxel cytotoxicity by
calcitriol is schedule dependent and is not attributed to acceler-
ation of paclitaxel-induced apoptosis. The schedule dependence
may reflect the tirne required for calcitriol treatment to decrease
p21 expression. The “delayed” (at 48 h) enhancement of pacli-
taxel activity by calcitriol is schedule independent and associ-
ated with acceleration of apoptosis in a subset of PC-3 cells.
Recent work from our laboratory demonstrates that calcitriol
inhibits specific survival signals in cells that detach during
weatment.” Such inhibition may render these cells more suscep-
tible to the proapoptotic signals generated by paclitaxel. The
ability of calcitriol to reduce cell survival signals may also
explain how it can enhance the antitamor activity of mechanis-
tcally diverse cytotoxic agents, such as cisplatin (13) and pa-
clitaxel. Studies to address these and related issues are in pro-
gress.

Paclitaxel-mediated apoprosis in LNCaP and PC-3 prostate
cancer cells has been associated with Bcl-2 phosphorylation and
inactivation (23) and/or down-modulation of the related apo-
ptotic suppressor. Bel-X; (34). Consistent with these results, we
found that within 24 h, paclitaxel treatment resulted in phos-
phorylation of the apoptotic suppressor protein, Bcl-2. Loss or
Inactivation of Bcl-2 in prostate cancer cells after paclitaxel
administration has been proposed to promote cell death by
shifting the intracellular balance of death reguiators in favor of
proapoptotic molecules such as Bax (23). In our studies, pacli-
taxel-mediated changes in the intracellular levels of Bcl-2 tem-
porally precede the loss of full-length PARP, suggesting that
they may initiate the apoptotic program.

Wang er al. (35) demonstrated recently that caleitriol
pretreatment increases paclitaxel induction of cell death and
paclitaxel antitumor activity in virro in MCF-7 breast cancer
cells. However, in contrast to our findings, calcitriol mod-
estly increased the effect of paclitaxel on Bcl-2 phosphoryl-
ation. Comparison of these two studies reveals that although
2 24-h exposure to 100 nm paclitaxel results in minimal
Bcel-2 phosphorylation in MCF-7, this exposure results in
strong induction of Bcl-2 phosphorylation in PC-3. This
strong induction may have prohibited the detection of a
subtle effect of calcitriol on paclitaxel-mediated Bcl-2 phos-
phorylation in PC-3.

In summary, our data demonstrate that calcitriol enhances
paclitaxel antitumor activity in PC-3 and SCC cells in vitro and
in vivo and indicate that novel calcitriol/paclitaxel-based com-

*T. F. McGuire, D. L. Trump, and C. S. Johnson. Vitamin D,-induced
apoptosis of murine squamous cell carcinoma cells: selective induction
of caspase-dependent MEK cleavage and up-regnlation of MEKXKI.
submitted for publication.

bination therapies may have significant clinical utility in the
treatment of a variety of solid tumors.
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Vitamin Ds inhibits cell growth and induces apoptosis in several human cancer lines
in vitro and in vivo. However, little is known about the molecular events involved in
vitamin Dj-induced apoptosis. Here, we demonstrate that the growth-
promoting/pro-survival signaling molecule mitogen-activated protein kinase kinase
(MEK) is cleaved in a caspase-dependent manner in murine squamous cell
carcinoma (SCC) cells induced to undergo apoptosis by treatment with vitamin Dj.
Cleavage resulted in nearly complete loss of full-length MEK and Erk1/2
phosphorylation. Erk1/2 expression was affected only slightly. The
phosphorylation and expression of Akt, a kinase regul#ting a second cell survival
pathway, was also inhibited after treatment with vitamin I;. However, the pro-
apoptotic signaling molecule MEKK-1 was up-regulated in both apoptotic and non-
apoptotic cells with greater induction and partial N-terminal proteolysis of MEKK-
1 observed in apoptotic cells. In contrast to vitamin D, cisplatin and etoposide
down-regulated Akt levels only modestly, did not promote significant loss of MEK
expression, and did not up-regulate MEKK-1. We propose that vitamin D; induces
apoptosis in SCC cells by a unique mechanism involving seléctive caspase-
dependent MEK cleavage and up-regulation of MEKK-1. Additional evidence is

provided that vitamin D3-induced apoptosis may be mediated via p38 MAPK.



1,25-dihydroxycholecalciferol (vitamin D;)' is the active metébolite of vitamin D
and exhibits antr-proliferative and differentiation-promoting activities in vitro toward a
number of malignant cell types, including breast cancer cells (1,2), prostate cancer cells
(3,4), colorectal adenoma and carcinoma cells (5), melanoma cells (6), and mouse
myeloid leukemia (7-9). In addition, vitamin D; inhibits prostate adenocarcinoma growth
and metastasis in the Dunning rat prostate model system (10) and displays anti-neoplastic
activity in a variety of human xenograft tumor model systems (11,12). Several vitamin
D; analogues have also been developed and display similar activities in vitro (5,13-15)
and in vivo (16-18). Furthermore, we have demonstrated that vitamin Dy inhibits the
proliferation of squamous cell carcinoma (SCC) cells in vitro as well as the growth of
newly transplanted or established SCC tumors in vivo (19,20). Hence, the accumulated
evidence clearly establishes the antiproliferative activity of vitamin D; (and its
analogues) against several cancer cell types and supports the examination of their
potential usefulness as anti-cancer agents (reviewed in refs. 12 and 21).

On the cellular level, vitamin D3 has been shown to exert its antiproliferative
effects by inhibiting cell cycle progression and/or by promotion of programmed cell
death (apoptosis). Gl arrest induced by vitamin Dy or vitamin Dy analogues has been
attributed to a number of molecular changes, including induction of the cyclin-dependent
kinase (cdk) inhibitors p21Wafl and p27Kipl, inhibition of cdk2 activity,
hypophosphorylation of the retinoblastoma protein (Rb), and suppression of E2F
activation (4,18,20,22-24). Vitamin D;-induced apoptosis, while being demonstrated for
several cancer cell lines derived from various tissues, including breast (2,3,17,25,26),

prostate (3,27), colon (5,13), and skin (6) in vitro, as well as breast cancer cells in vivo



(28), is less well defined. Levels of the antrapoptotic molecule Bcl-2 have been shown
to be reduced after vitamin D; treatment in some cell lines, including MCF-7 human
breast cancer cells (17,26,28) and LNCaP human prostate cancer cells (27). Fﬁrthermore,
vitamin D}-induced apoptosis in these cell lines is blocked by over-expression of Bck2
(27,29). While these results suggest a possible role for Bcl-2 down—regulation. in vitamin
Ds-induced apoptosis, it is not clear whether reduction of Bcl2 expression is sufficient of
itself to induce apoptosis. In addition, vitamin D;-induced apoptosis of colon cancer cells
is not dependent on Bcl2 down-regulation, but is more tightly associated with up-

regulation of the pro-apoptotic molecule Bak (5). Another body of work suggests that

‘vitamin I induces insulin-like growth factor binding protéins (IGFBPs) which bind to-

IGF-1, preventing it from stimulating the pro-smival IGF-1 receptor, and thereby
promote apoptosis (30-32). Finally, Mathiasen et al. (29) recently reported that
sensitivity of MCF-7 cells to vitamin Ds-induced apoptosis does not depend on
expression of a functional p53 tumor suppressor protein and does not involve the
activation of known caspases. Thus far, the involvement of stress and survival signal
transduction pathways in the mechanism of vitamin Ix-induced apoptosis has not been
carefully examined.

The integration of multiple signals from numerous transduction pathways plays a
critical role in regulating cell survival and execution of programmed cell death (reviewed
in (33) and (34)). While activation of stress signals from the SEK1-JNK and the
MKK3/6-p38 MAPK pathways can push the cell toward apoptosis (35-38), opposing
signals generated from the MEK-Erk and PI-3 kinase- Akt pathways antagonize the death

signals and mediate survival (39-45). When the integrated signals from these pathways
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begin to favor apoptosis, caspases can become activated, resulting in the selective
cleavage of a distinct set of proteins and greatly enhancing the potential toward
commitment to apoptosis. While cleavage of target proteins by caspases typically results
in their inactivation, exceptions to this include the caspases themselves as well as two
stress-signaling proteins, MEKK-1 and PAK2 (46,47). MEKK-1 is a 196 kDa Ser/Thr
kinase which, upon phosphorylation, becomes activated and transduces stress signals that
lead to the activation of JNK and p38 MAPK (48), thereby promoting apoptosis. Upon
treatment of cells with genotoxic agents (e.g., etoposide or UV-C irradiation), MEKK-1
initially undergoes phosphorylation-dependent activation and is subsequently cleaved by
caspase-3, releasing the N-terminal regulatory domain and producing a constitutively
active C-terminal kinase domain (49). Similarly, MEKK-1 cleavage is also observed in
cells induced to undergo apoptosis by Fas ligation (50) and by detachment from the
extracellular matrix (anoikis) (46). Interestingly, cells expressing a non-cleavable
MEKK-1 mutant are impaired in their ability to undergo apoptosis after treatment with
DNA-damaging agents (though mutant MEKK-1 is still phosphorylated) (49). Thus,
MEKK-1 cleavage is not only a common biological event observed during apoptosis
induced by a variety of agents, but appears to play a necessary role in the execution of the
apoptotic program. Caspase-mediated cleavage of PAK2, a ser/thr kinase that regulates
cytoskeletal changes in many cell types, also appears to play a role in the apoptotic
process (47).

We have investigated the mechanism by which vitamin D induces apoptosis in
SCC cells, particularly with respect to its effects on survival and stress signaling

pathways. We report here that vitamin I induces the caspase-dependent cleavage of



MEK, not previously described, resulting in nearly complete loss of MEK expression and
Erk1/2 signaling. Moreover, Akt signaling is potently inhibited in cells induced to
undergo apoptosis by vitamin D;. Furthermore, vitamin Dy strongly induces MEKK-1
expression in cells prior to onset of apoptosis and subsequently promotes N-terminal
proteolysis such that numerous MEKK-1 fragments are observed in the apoptotic cells.
Finally, direct comparison of vitamin Ds; with genotoxic agents revealed that the
molecular events described above, with the exception of Akt inhibition, were selective for

vitamin Ds.
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EXPERIMENTAL PROCEDURES

Culture and Treatment of SCC Cells. Murine squamous cell carcinoma (SCC)
cells (either 3 x.10° or 6 x 10° cells/T-75 flask) were plated in RPMI 1640 medium
supplemented with 12 % fetal bovine serum (FBS), unless otherwise noted (see Fig. 2).
After 1 or 2 days, the cells were treated at sub-confluence with either vehicle (< 0.001 %
ethanol, EtOH), 10 nM 1,25-dihydroxycholecalciferol (1,25-Ds), 1 pg/ml cisplatin, or 10
UM etoposide. After 2 days of treatment, medium in the flasks was gently swirled to
suspend floating (apoptotic) cells, which were then harvested by centrifugation, and
washed once with ice-cold PBS. Attached (non-apoptotic) célls were rinsed once with
PBS and either scraped off the flask surface into PBS and placed in a separate tube (for
Western blotting), or trypsinized, suspended in PBS, and combined with the floating cells
(for YO-PRO-1 staining). For experiments assessing the role of caspases in vitamin Dj-
induced MEK cleavage, cells were treated with eithef vehicle or 10 nM vitamin D in the
presence or the absence of either 20 uM Z-DEVD-FMK or 20 uM Z-VAD(OMe)-FMK

and the cells harvested, as described above.

Western Blotting. Both attached and floating cell populations were then lysed in
buffer containing the following: 50 mM Tris, pH 8.0, 150 mM NaCl, 1 % Triton X-100,
0.1 % SDS, 1 mM phenylmethylsulfonyl fluoride, 10 pg/ml leupeptin, 2 pig/ml aprotinin,
10 pg/ml trypsin inhibitor, 1 mM benzamidine, 5 mM N-ethylmaleimide, 2 mM
vanadate, 2 mM EGTA, 12 mM B-glycerol phosphate, 10 mM NaF, and 10 nM okadaic

acid. Cell lysates were cleared by centrifugation at 14,000 rpm for 10 min at 4°C and



aliquots were incubated with an equivalent volume of 2X SDS-PAGE sample buffer for
at least 4 min at 100°C. Equivalent émounts of protein from each sample were
electrophoresed on either 7.5 % SDS-PAGE (for PARP and MEKXK-1) or 12.5 % SDS-
PAGE (for all other antibodies) and transferred to PVDF membranes. Membranes were
blocked with 5 % nonfat dry milk in Tris-buffered saline containing 0.05 % Tween-20
(T-TBS) and then probed with either ant-PARP (PharMingen, 65196E), antiphospho-
MEK1/2 (New England BioLabs, 91218), antr MEK1/2 (New England BioLabs, 9122),
anti-phospho-Erk1/2 (Santa Cruz, sc-7383), or ant+Erk1/2 (Upstate Biotechnology, 06-
182), anti-phospho-Akt (New England BioLabs, 9271), anti-Akt (New England BioLabs,
9272) antt MEKK-1 (Santa Cruz, sc-252), anti-SEK1 (Santa Cruz, sc-964), anti-phospho-
p38 MAPK (New England BioLabs, 9211), ant+p38 MAPK (Santa Cruz, sc-535), anti
phospho-c-Jun (Santa Cruz, sc-822), and anti-actin (Oncogene, CP01) in 3 % nonfat dry
milk in TTBS. Antiphospho-MEK, anti-phospho-Erkl1/2, anti-phospho-Akt, and anti
phospho-p38 MAPK antibodies selectively detect MEK phosphorylated at serines-
217/221, Erk1/2 phosphorylated at tyrosine-204, Akt phosphorylated at serine-473, and
p38 MAPK phosphorylated at threonine-180 and tyrosine-182, respectively, sites of
phosphorylation necessary for full activation of these kinases. The immunogen used to
generate the antt MEKK-1 antibody (sc-252) was a 22 amino acid peptide, the sequence
of which corresponded to a region lying within the last 50 amino acids of the rat MEKK-
1 C-terminus (identical in sequence to that region found in the mouse MEKK-1 C-
terminus). Positive antibody reactions were visualized using an appropriate HRP-
conjugated secondary antibody and enhanced chemiluminescence (ECL) (NEN) [for

PARP immunoblotting, ECL SuperSignal (Pierce) was used].



It is important to note that, although both the anti-phosphd-MEK and ant-MEK
antibodies recognized both MEK isoenzymes (MEK1 and MEK2), these two proteins
were typically not completely resolved under the electrophoresis conditions used for this
work. Both proteins, however, appeared to behave in a similar manner in response to the
various treatment conditions described above. Therefore, in this report, we have
represented both of the isoenzymes together by denoting them as “MEK” in the text and

in the figures.

YO-PRO-1 Staining. As described above, at the time of harvest, floating cells
were first removed with the medium and placed in a conicle tube; attached cells were
rinsed once, trypsinized, suspended in RPMI 1640 medium containing 12 % FBS, and
combined with the floating cells. Cells were then pelleted, resuspended in PBS to a
concentration of 1.0 — 1.5 x 10° cells/ml, and the percent of apoptotic cells measured
using the Vybrant Apoptosis Assay Kit #4 (Molecular Probes). According to the
manufacturer’s instructions, 1.0 pl each of YO-PRO-1 dye and propidium iodide
solutions were added to 1.0 ml aliquots of suspended cells, allowed to incubate for at

least 20 min, and subsequently analyzed by flow cytometry.
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RESULTS

Vitamin D; induces dpoptosis in murine squdmous cell carcinoma (SCC) cells.
We have reported previously that vitamin D; predominantly induces murine SCC cells to
undergo cytoplasmic spreading (flattening), and become growth arrested in G1 phase of
the cell cycle (19,51). However, a significant population of cells is also observed
detached and floating in the culture medium after vitamin Ds treatment and possibly
represents apoptotic cells. In order to determine whether this population of cells exhibits
characteristics of apoptosis, SCC cells were treated with vitamin Dy (10 nM) for 2 days
and assessed for apoptosis by various criteria. As shown in Fig. 1A, vitamin I} induced
a fraction of the cells to remain attached and to spread out while another fraction became
detached and exhibited cellular condensation and membrane biebbing, characteristics of
cells undergoing apoptosis. The cells were then harvested, stained with propidium iodide
and YO-PRO-1, and subjected to flow cytometric analysis. YO-PRO-1 is a fluorescent
dye taken up by cells in early and late apoptosis (as well as necrotic cells). Based on this
type of analysis, vitamin Dj increased the proportion of cells in early apoptosis (0.2 to 11
%) and the total number of cells in apoptosis/necrosis (14 to 40 %) (the average induction
of total apoptotic/necrotic cells from four independent experiments was from 13 to 36 %,
or 2.8-fold) (Fig. 1B). Although flow cytometry detected significant basal levels of
apoptosis in vehicle-treated cultures, no apoptosis could be detected in these cultures
using the other two methods employed [morphological changes and caspase activation

(see below)]. Thus, it appears that the basal level of apoptosis in vehicle-treated cultures
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is artifactual and probably due to the trypsinization procedure used to prepare the cells for
FACS analysis (see Experimental Procedures). Finally, §ve assessed induction of
apoptosis by vitamin Dj on the molecular level by examining caspase activation (i.e., by
measuring the extent of cleavage of the caspase substrate poly(ADP-ribose) polymerase,
or PARP). After treating SCC cells as described above, the floating cells were removed
from the attached cells and lysates of both cell populations were prepared (described in
Experimental Procedures). The number of floating cells in the medium after vehicle
treatment was low and it was not possible to collect sufficient amounts to process for
immunoblot analysis. As shown in Fig. 1C (langs 1-2), lysates of vehicle-treated
(attached) cells, as well as the attached cell population of vitamin Dy-treated cultures,
exhibited no PARP cleavage. However, lysates of floating cells from cultures treated
with vitamin D; demonstrated complete cleavage of PARP (116 kDa) to an 85 kDa
fragment (Fig. 1C, lane 3). Taken together, these results indicate that vitamin D; induces
programmed cell death in SCC cells. The fact that PARP cleavage was exclusively
observed in lysates from vitamin Ds-treated, norrattached cells and that this population is
easily isolated from the attached cell population affords the use of this model for
investigating at the molecular level the role of signaling pathways in vitamin D}-induced

apoptosis.

Vitamin D3 induces caspase-dependent cleavage of MEK in apoptotic cells. The
Ras-Rafl -MEK -Erk signaling pathway transduces signals from growth factor receptors to
the nucleus, which can lead not only to mitogenesis and differentiation but also to

survival (34). Some investigators studying vitamin Ds;-induced apoptosis have reported
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that culturing cells under serum-free conditions enhances the apoptosis-promoting

activity of vitamin Ds (31). Thus, growth factor signaling may attenuate the apoptotic

signal induced by vitamin I3, or, conversely, vitamin I3 may attenuate growth factor
signaling as part of its mechanism to promote programmed cell death. We investigated
the effects of vitamin Ds on levels of activated MEK, a key mediator of signaliﬁg through
the Ras-Rafl-MEK-Erk pathway, in SCC cells cultured in the presence or the absence of
12 % fetal bovine serum (FBS). Significant apoptosis (based on morphology) was

observed under both culture conditions, but levels of apoptosis were greater under serum-

starved conditions (data not shown). Immunoblot analysis using an antiphospho-MEK
antibody that selectively detects activated MEK (described in Experimental Procedures)
was then performed on lysates prepared from attached and non-attached cells. As shown
in Fig. 2, vitamin D; nearly completely inhibited MEK activation in the floating
population of cells in the presence or the absence of serum, but had little effect on MEK
phosphorylation in the attached populations from either vehicle- or vitamin Dy-treated
cultures. Results from immunoblotting with an ant-MEK antibody demonstrated that the
vitamin I}-induced decrease in MEK phosphorylation was not simply due to inhibition
of its activation but to down-regulation of MEK protein itself (Fig. 2). This result was
confirmed using two other ant+t MEK antibodies, which recogrﬁzed distinct regions of the
MEK protein (data not shown). Interestingly, the apoptotic, floating cells exhibited a
lower molecular weight band that was also immunoreactive with the ant- MEK antibody
(33 kDa in the presence of serum; 28 kDa in the absence of serum; Fig. 2A), suggesting

that down-regulation of MEK protein levels might be due to MEK proteolysis.
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Levels of phosphorylated/activated Erk1/2 were then analyzed and found to be
virtually undetectable in the lysates of the floating cells (Fig. 2), indicating that the MEK -
Erk signaling pathway is blocked in these cells. It is perhaps noteworthy that vitamin D3
also modestly inhibited Erk1/2 in vitamin Ds-treated attached cells (Fig. 2) despite the
fact that levels of phosphorylated MEK and intact MEK protein were unaffected (Fig. 2).
The molecular basis of vitamin D;-induced Erk1/2 inhibition in attached cells is currently
under investigation. Erkl/2 expression was unaltered in lysates of vitamin D}-treated
attached cells, and, in contrast to MEK, was only slightly reduced in floating cells (Fig.
2). Reduction of Erk1/2 expression was more apparent under serum-starved conditions
and was coincident with the appearance of a putative 23 kDa fragment (Fig. 2). Since
culturing cells in the presence of serum is more physiologically relevant and since serum
starvation appeared to promote activation of proteases that were not necessary for vitamin
Ds-induced apoptosis or loss of MEK protein, all subsequent experiments were
performed in the presence of 12 % FBS.

Since it is well established that programmed cell death often involves the
activation of caspases, we examined whether these proteases might be responsible for
vitamin D;-induced MEK proteolysis. SCC cells were treated 2 days either with vehicle,
vitamin Dy alone, or vitamin Dj in the presence of either DEVD-FMK‘ or zZVAD-FMK.
Lysates were prepared and immunoblot analysis was carried out using antiMEK
antibody. While the caspase-3 inhibitor DEVD-FMK had little effect on vitamin Djs-
induced MEK proteolysis, the pan-caspase inhibitor zVAD-FMK nearly completely
blocked the loss of MEK protein and the production of the 33 kDa MEK fragment (Fig.

3). Thus, the decrease in MEK expression induced by vitamin I} treatment does not
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appear to be due to inhibition of MEK protein synthesis, but rather the result of caspase-
dependent MEK cleavage (although caspases may not cleave MEK directly). Caspase-
dependent cleavage of MEK has not been previously reported. It is perhaps noteworthy
that the apparent sum of the levels of intact MEK and the 33 kDa fragment in lysates of
non-attached cells from vitamin Ds-cultures appears to be less than the total level of
MEK in cells co-treated with vitamin D; and zZVAD-FMK (Fig. 3, lanes 4 and 6). This
suggests that the 33 kDa fragment is eitter less antigenic than intact MEK with the anti-
MEK antibody used or that the 33 kDa fragment undergoes further proteolyéis to yield
products not recognized by the ant: MEK antibody or both. Finally, inhibition of MEK
cleavage by zVAD-FMK resulted in the complete restoration of MEK and Erkl1/2
phosphorylation/activation (Fig. 3), suggesting that MEK cleavage plays a critical role in

the vitamin Ds-induced block of the MEK -Erk signaling pathway in detached cells.

Vitamin Ds inhibits the Akt survival-signaling pathway. In addition to the MEK -
Erk pathway, the PI-3-kinase-Akt pathway also generates a signiﬁcan;c survival signal.
Akt was recently demonstrated to undergo caspase-dependent cleavage during apoptosis
induced by treatment either with etoposide, ultraviolet-C exposure, or Fas ligation in
human Jurkat leukemia cells (52). To assess whether this pathway is also affected in
vitamin Ds-induced apoptosis, immunoblot analysis was used to assess Akt
phosphorylation and expression in lysates of cells treated with either vehicle or vitamin
Ds. Figure 4A shows that vitamin Dy affected Akt in a manner similar to that of MEK,
inducing a strong decrease in both its phosphorylation and expression. Inhibition of Akt

by vitamin Ds; was shown to occur via caspase-dependent cleavage of Akt (Fig. 4B).
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Vitamin D; induces MEKK-1 expression in apoptotic and non-apoptotic cells and
promotes MEKK-1 proteolysis in apoptotic cells. Although the above results clearly
indicate that cells undergoing vitamin Ds-induced apoptosis exhibit a block in the
mitogenic/survival signaling pathways, this alone may not be sufficient to induce cells to
enter programmed cell death. Therefore, in an effort to assess whether vitamin Dj
treatment also activates stress signals that could directly promote apoptosis, SCC cells
were treated with or without vitamin I3 and the expression of MEKK-1, an upstream
activator of the JNK and the p38 MAPK stress pathways, was assessed by Western blot
analysis. As shown in Fig. 5A, vitamin Dj; significantly up-regulated MEKK-1
expression in both the attached and floating cell populations, with expression being
greater in the floating, apoptotic cells. A second major immﬁno—reactive band of slightly
lower molecular weight (approximately 190 kDa; Fig. SA, left panel, lane 3) compared to
that of intact MEKK-1 (MW = 196 kDa) was also detected in lysates of apoptotic, but not
attached, cells. In addition, longer exposures of the X-ray film to the Western blot ECL
signal revealed multiple minor immuno-reactive bands in the lysates of floating cells
(MW range of 85 — 190 kDa) that were not observed in those of attached cells (Fig. SA,
right panel, compare lanes 2 and 3). Since the anttMEKK-1 antibody recognizes an
epitope lying very near the C-terminus of the MEKXK-1 protein (within the last 50 amino
acids of rat MEKK-1; see Experimental Procedures), these data indicate that the products
formed represent MEKK-1 species that have undergone N-terminal proteolysis. It has
been previously demonstrated that upon treatment of cells with either genotoxic agents or
Fas ligation, MEKK-1 undergoes caspase-3-mediated cleavage, resulting in the removal

of the N-terminal regulatory domain and the production of a constitutively active G
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terminal kinase domain (49). Thus, some or éll of the lower mole;cular weight anti
MEKK-1 positive bands produced upon treatment with vitamin Dj 'may represent
MEKK-1 proteolytic products displaying constitutive kinase activity. Finally, as shown
in Fig. 5B, MEKK-1 induction was observed by 22 h after treatment with vitamin I}, a
time at which vitamin D-induced apoptosis and cell detachment are not observed (data
not shown), further suggesting a role for MEKK-1 in vitamin Ds;—induced apoptosis.

Induction of MEKK-1 by vitamin D; has not been previously reported.

MEK cleavage and MEKK-I up-regulation are not significantly induced by
cisplatin. We next addressed whether the effects of vitamin ‘Q on MEK énd MEKK-1
described above were general phenomena of SCC cells that could be observed during
apoptosis induced by other agents or if they were selectively induced by treatment with
vitamin Dj. Cells were treated either with vitamin D; (10 nM) or with cisplatin (cDDP, 1
pg/ml) for 2 days, the attached and nomnrattached cell populations were separated, and
lysates were prepared from both. Similar levels of apoptosis were observed for vitamin
Ds- and cisplatin-treated cells at the time of harvest (data not shown). As shown in Fig.
6, vitamin Ds and cisplatin both induced PARP cleavage in the floating cell populations,
but not in the attached cell populations, demonstrating that the floating cells from both
treatments represent only those cells induced to undergo apoptosis. Significant loss of
MEK expression and MEK cleavage, however, were only observed for lysates of
apoptotic cells from vitamin Dsy—treated cultures. Although the 33 kDa MEK fragment
could be observed in lysates of cisplatin-treated floating cells, it was typically observed at

levels less than those observed for lysates of vitamin Ds—treated floating cells (Fig. 6).
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In addition, significant up-regulation of MEKK-1 was observed only for vitamin
Ds-treated cells, particularly in the non-attached apoptotic population, and limited N
terminal MEKK-1 proteolysis was exclusively observed in the vitamin Ds-treated,
detached cells (Fig. 6). Although a slight induction of MEKK-1 was observed for
cisplatin-treated attached cells, this induction was no longer observed in the floating cells
(Fig. 6). Thus, caspase-dependent MEK cleavage and MEKK-1 up-regulation/proteolysis
are not general phenomena of apoptosis observed in these cells, but are selectively
induced by vitamin I3. Taken together, these results suggest that vitamin I} induces

apoptosis in SCC cells by a mechanism that 1s distinct from that of genotoxic agents.

Vitamin D3 and genotoxic agents display differential effects on the expression and
activity of various anti-apoptotic and pro-apoptotic proteing. In an effort to more fully
understand the molecular basis of vitamin Dg-induc‘ed apoptosis and how it compares
with that of standard chemotherapeutic drugs, cells were treated with either vitamin Iy,
cisplatin, or etoposide (VP16) for 2 days and the expression/phosphorylation of various
members of the survival and stress signaling pathways were examined. Apoptosis in the
floating cells was confirmed by assessing loss of intact PARP as an indicator of caspase
activation (Fig. 7). In addition, actin expression was assessed to confirm equal loading of
lysates to SDS-PAGE and to demonstrate selectivity of protein degradation. As shown in
Figure 7, in the attached cells, phosphorylation of MEK and Erk1/2 was modestly
inhibited by cisplatin and etoposide but was not affected by vitamin D;. In the floating
cells, the phosphorylation of these proteins was still moderately inhibited by the

genotoxic agents, but was strongly decreased to virtually undetectable levels in lysates of
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vitamin Ds-treated cells (Fig. 7). Moreover, cisplatin and etoposide had little effect on
MEK expression in both the attached and the nor-attached cell populations, whereas
vitamin I3 reduced MEK expression to nearly undetectable levels in non-attached cells
(Fig. 7). Erkl/2 expression, while again being unaffected by cisplatin or etoposide, was
only modestly reduced by vitamin I in detached cells (Fig. 7). Expression of the pro-
survival kinase Akt, on the other hand, was inhibited by all three agents in the non-
attached cell populatiors, albeit to different extents (Fig. 7). Loss of Akt expression
during apoptosis was expected since Akt was previously reported to undergo caspase-
dependent cleavage in human Jurkat leukemia cells after treatment with various cytotoxic
agents (52). It is interesting to note that a greater loss in Akt expression was exhibited by
vitamin D3 than by either cisplatin or etoposide, suggesting that vitamin D; induces
greater activation of caspase(s) capable of cleaving Akt than either genotoxic agent.
These results support the idea that inhibition of the MEK-Erk and Akt survival pathways
may be a common mechanistic theme for agents that induce apoptosis (33,34,52).
However, as might be expected, the molecular basis of inhibition of survival signals, as
well as the extent to which they are inhibited, appears to vary among agents. Thus, the
molecular mechanism by which vitamin D and genotoxic agents inhibit Erk signaling
appears to be distinct (i.e, MEK cleavage vs. decreased MEK phosphorylation,
respectively), while these agents appear to down-regulate the Akt pathway in a similar
manner (i.e., decreased Akt expression).

Divergent effects of vitamin I} and genotoxic drugs were also observed on the
stress signaling proteins examined. First, similar to the results presented in Fig. 6, only

vitamin Ds significantly induced MEKXK-1 expression, formation of the MEKK-1
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doublet, and production of high molecular weight MEKK-1 proteolytic species (Fig. 7
and data not shown). Expression of SEK-1, a major downstream effector of MEKK-1,
exhibited similar behavior to MEK, with strong down-regulation induced by vitamin Dy
in apoptotic cells but little effect exhibited by the DNA-damaging agents (Fig. 7). While
genotoxic agents induced c-Jun phosphorylation, vitamin Ds reduced levels of c-Jun
phosphorylation (Fig. 7). Thus, vitamin Ds-induced apopfo'sis does not appear to be
mediated via JNK-c-Jun activation. A second, distinct stress signaling pathway activated
by MEKK-1, that mediated by p38 MAPK, appeared to remain intact after vitamin Dy
treatment, and demonstrated an increase in p38 MAPK phosphorylation levels in
apoptotic cells, despite a modest decrease in p38 MAPK expression (Fig. 7). These data
suggest that vitamin Ds-induced apoptosis is mediated by p38 MAPK. Unfortunately, we
were unable to confirm the involvement of p38 MAPK through the use of the selective
inhibitor SB203580 since this inhibitor also exhibited unexﬁected effects on some of the
up-stream vitamin Ds-induced effects described abowe (data not shown). Further
investigation is necessary to determine the exact role of p38 MAPK in vitamin Ds-

induced apoptosis.
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DISCUSSION

Taken together, the above results strongly suggest that vitamin D; induces
programmed cell death in SCC cells via the induction of the pro-apoptotic signaling
molecule MEKK-1 while blocking pro-survival signals from the MEK-Erk and Akt
pathways. Based on these findings, we propose that, prior to commitment to apoptosis,
vitamin D; up-regulates MEKK-1 in nor-apoptotic, attached cells (Fig. 5, A and B), but
at levels which are insufficient to overcome the opposing effects of the MEK-Erk and
Akt survival pathways. Unknown factors then trigger limited activation of caspases,
including an unidentified caspase (or caspase-dependent protease; discussed below) that
is selectively activated in vitamin Ds-treated cells. This caspase activity promotes MEK
cleavage and removal of the MEK -Erk pro-survival signal (Figs. 2 and 3). Furthermore,

caspase-dependent proteolysis of Akt kinase occurs (52), and results in abrogation of this

survival signal as well (Fig. 4). Finally, MEKK-1 undergoes partial proteolysis at its N-

terminal regulatory domain (Figs. SA and 6), producing species that exhibit constitutive
activity, further activating caspases and significantly enhancing the pro-apoptotic signal
(49). Activation of the MEKK-1-mediated stress pathway(s), without the presence' of
offsetting anti-apoptotic signals, is proposed to be sufficient for committing cells to enter
apoptosis.

Caspase-dependent cleavage of MEK has not been previously reported. This
may, in part, be explained by the fact that significant MEK cleavage was only observed
for vitamin Ds—induced apoptosis and not for apoptosis induced by more commonly used

cytotoxic agents (Figs. 6 and 7). Widmann et al. have recently performed an extensive
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screening of more than thirty signaling proteins, including MEK, for their ability to
undergo caspase-dependent proteolysis after induction of apoptosis by either treatment
with etoposide, exposure to ultraviolet-C, or Fas ligation (52). They reported that,
whereas all of the treatments induced apoptosis and the processing of caspase-3, as well
as Akt cleavage, they had little effect on the expression of MEK (52). These results
indicate that MEK cleavage is not a general phenomenon of the apoptotic program and
suggest that a protease capable of cleaving MEK is selectively induced by vitamin Ds. It
is important to note that while MEK cleavage is blocked by the parrcaspase inhibitor
zVAD (Fig. 3), this does not necessarily indicate that caspases directly cleave MEK. The
pro-apoptotic molecule Bax, for example, has been demonstrated to undergo caspase-
dependent cleavage, but is not directly cleaved by caspases. Instead, caspase-3 first
mediates the cleavage and consequent activation of calpain, which then acts to cleave
Bax (53,54). Identification of the caspase(s)/protease(s) responsible for MEK cleavage is
an area of current research.

It is somewhat surprising that vitamin I} 'wo‘uld also strongly down-regulate (in
caspase-dependent fashion; data not shown) the stress signaling molecule SEK-1 in
apoptotic cells, similar to MEK (Fig. 7). However, other models have shown a lack of
correlation to exist between activation of the SEK-JNK pathway and induction of
apoptosis (55,56). In fact, for some cells, signaling in this péthway has been linked to
cell survival (57) and even to cell proliferation (58). Thus, the possibility exists that
elimination of SEK-1 signaling may actually assist in commitment to the cell death
program. As with MEK cleavage, caspase-dependent SEK-1 proteolysis has not been

previously described. It is interesting to note that MEK and SEK-1 have analogous
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central positions in their respective three-kinase signaling modules (reviewed in (59)) and
that both should be efficiently targeted for destruction in a vitamin Ds-selective fashion.
Thus, the possibility exists that a.single, vitamin Ds-induced, caspase/protease activity is
capable of cleaving these critical signaling molecules and irreversibly blocking their
respective pathways.

As mentioned above, Akt, in contrast to MEK and SEK-1, appears to be down-
regulated in vitamin D3-treated apoptotic cells as part of the general apoptotic program
since it was also observed after treatment with genotoxic agents (Fig. 7). Co-treatment
with zVAD blocked vitamin Dj-induced loss of Akt expression, indicating that it is also
caspase-dependent (Fig. 4B). These findings support previous work which demonstrate
caspase-dependent cleavage of Akt upon induction of apoptosis by DNA-damaging
agents or Fas ligation (52). It is presently not known whether vitamin Ds-induced Akt

down-regulation is mediated by the same caspase(s) activated by genotoxic agents or if

distinct activities may be involved.

MEKK-1 has been demonstrated‘to play a pivotal role in mediating apoptosis
induced by various cytotoxic treatments including genotoxins (49) and Fas ligation (50).
MEKXK-1 is known to be activated by phosphorylation [autophosphorylation or via a
distinct kinase (60,61)] and/or caspase-3-mediated cleavage (49). Treatment of cells with
DNA-damaging agents results initially in phosphorylation-dependent activation of
MEKK-1 and, subsequently, in its caspase-3-mediated cleavage, leading to nearly
complete loss of the 196 kDa intact protein and the appearance of a 91 kDa fragment with
constitutive kinase activity (49,52). Interestingly, this pattern is not maintained in cells

induced to undergo apoptosis by vitamin D;. Instead, intact MEKK-1 expression is
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further induced in apoptotic cells concurrent with the expression of a slightly lower
molecular weight MEKK-1 species (about 190 kDa) as well as mulfiple smaller MEKK-1
fragments representing N-terminal proteolytic species (Fig. 5). The cellular scaffolding
protein 14-3-3 has been shown té associate wifh the N-terminal portion of MEKK-1 and
is thought to regulate its biological function by sequestering the protein to membranes,
enabling it to respond to growth factor and cytokine stimulation (62). Whereas
endogenous MEKK-1 has been shown to be ‘exclusively associated with membranes,
MEKK-1 over-expression leads to significant accumulation -of the protein within the
cytosol (about half of the expressed protein), uncontrolled MEKK-1 activation, and cell
death (49). Similarly, caspase-3-mediated cleavage not only renders the C-terminal
kinase domain to be constitutively active but also liberates it from membranes (50,62).
Thus, deregulated localization of MEKK-1 within the cell appears to play a role in the
induction of apoptosis via MEKK-1. At present, it is not known whether the intact
MEKXK-1 protein and/or the N-terminal proteolytic fragments induced by vitamin Dy are
still associated with 14-3-3 or whether they are expressed in the cytosol.

The rcsﬁlts presented herein shed light on the molecular events involved in
vitamin Ds—induced apoptosis and provide a biochemical basis for the use of vitamin Dj
(and vitamin D; analogues) in the treatment of cancer. Indeed,. clinical trials are currently
underway to assess the efficacy of vitamin D-based compéunds both as a single agent
(63,64) as well as in Combination with traditional chemotherapeutic agents (65). Several
studies have demonstrated that vitarmiin I} or its analogues can enhance the in vitro
cytotoxicity of various antineoplastic agents, including tumor necrosis factor o (TNF-0t)

(66), radiation (67), cisplatin (51,68,69), adriamycin (69,70), and paclitaxel (70). In all
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but the earliest of these studies (68), enhancement o\f cytotoxicity required pre-treatment
of the cells with vitamin D;. It is intriguing to speculate, based on the results described
above, that vitamin I may be priming the cells to exhibit heightened sensitivity to the
cytotoxic regimen by either up-regulating MEKX-1 expression/activity, inducing a
vitamin Ds-selective caspase/protease, or both. This notion gains support from studies
demonstrating that acute expression of activated MEKK-1 potentiates apoptosis induced
by low doses of DNA-damaging agents or TNF-o. (71). Moreover, MCF-7 cells, which
do not express caspase-3 but require its expression for cisplatin-induced apoptosis (72),
show enhanced cisplatin cytotoxicity when pre-treated with vitamin Dy (68), suggesting
that vitamin Ds; may selectively induce a caspase-3-like activity in these cells that renders
them susceptible to cisplatin. In a similar fashion, vitamin D3 may alleviate drug
resistance that is based on caspase-3 deficiency as in cisplatin-resistant human ovarian
adenocarcinoma 2008/C13 cells (73). Furthermore, vitamin D; may attenuate drug
resistance that is based on the MEK-Erk (reviewed in (34)) or Akt (74) survival

pathways, via induction of a caspase/protease activity that interferes with these signaling

mechanisms.
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FOOTNOTES

!The abbreviations used are: vitamin Ds, 1,25-dihydroxycholecalciferol; SCC, squamous
cell carcinoma; Erk, extracellular signalregulated protein kinase; MEK, Erk kinase;
MEKXK-1, mitogen-activated protein kinase kinase kinase-1; FBS, fetal bovine serum,;

PARP, poly(ADP-ribose) polymerase; ECL, enhanced chemiluminescence; TNF-a,

tumor necrosis factor-o..

31



v

ACKNOWLEDGEMENTS

The authors wish to express their gratitude to Dr. Pamela A. Hershberger and Dr.
Daniel Johnson for their careful review of this manuscript. The authors also thank Mr.
Robert M. Rueger for his technical assitance in maintaining the murine squamous cell

carcinoma cell line.

32



FIGURE LEGENDS

FIGURE 1. Vitamin D; induces apoptosis in murine squamous cell carcinoma
(SCC) cells in vitro. SCC cells were treated with either vehicle (< 0.001 % ethanol,
EtOH) or‘ 10 nM vitamin I} (1,25-D3) in RPMI medium containing 12 % fetal bovine
serum (FBS), as described in Experimental Procedures. After 2 days, cells were
photograiahed (A) and/or processed for either YO-PRO-1/propidium iodide staining
followed by flow cytometric analysis (B) or Western blotting (C) as described in
Experimental Procedures. Photographs show that vitamin.Q causes SCC cells both to
flatten (G1 arrest) and to enter apoptosis as visuglized by bright cells that exhibit cellular
condensation and membrane blebbing. Results from flow cytometric analysis were
plotted such that FL1 represents fluorescence of propidium iodide and FL2 represents the
fluorescence of YO-PRO-1. This analysis demonstrates that vitamin Dj; significantly
increases the percent d cells in early apoptosis (from 0.2 % to 11.0 %), cells in late
apoptosis/necrosis (from 13.7 % to 28.7 %), and total cells in apoptosis (from 13.9 % to
39.7 %). Immunoblot analysis with anttPARP antibody indicates that cells which are
detached (but not the attached cells) are apoptotic. ¢ In vehicle-treated cultures, nearly
all of the cells were attached to the flask and it was not possible to collect the very small
number of floating cells for Western blot analysis. These results are representative of at

least four independent experiments.
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FIGURE 2. Vitamin D; induces Joss of MEK protein expression, appearance of
lower molecular weight anti-MEK immunoreactive proteins, and strong inhibition
of MEK-Erk1/2 signaling. Cells were treated 2 d with either vehicle or 10 nM vitamin
Ds in the presence or the absence of fetal bovine serum (FBS). The floating and attached
cell populations were then obtained and subsequently processed for immunoblotting with
either anti-phospho-MEK, anti-phospho-Erk1/2, anttMEK, or ant+Erk1/2 antibodies to
assess the phosphorylation/activation and expression of MEK and Erk1/2, as described in
Experimental Procedures. Immunoblot analysis with anttMEK antibody detected
putative MEK fragments at 33 kDa (in the presence of serum) and 28 kDa (in the absence
of serum) in apoptotic cell populations from vitamin Ds-treated cultures. & Vehicle-
treated cells were essentially all attached to the flasks whether or not serum was present.

These results are representative of at least three independent experiments.
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FIGURE 3. Vitamin D; induces caspase-dependent MEK cleavage. Cells were
treated 2 d with either vehicle or 10 nM vitamin I3 in the presence or the absence of
either 20 UM Z-DEVD-FMK (DEVD) or 20 uM ZVAD(OMe)-FMK (zVAD). Cells
were then harvested and lysates were prepared and subjected to immunoblotting with
appropriate antibodies, as described in Experimental Procedures. The results presented
in the figure were obtained from a single X-ray exposure of samples run on the same gel
using equivalent amounts of protein for each sample. # Vehicle-treated cells were
essentially all attached to the flask. Inhibition of MEK cleavage by zZVAD was observed

in at least three independent experiments.

FIGURE 4. Vitamin D; inhibits Akt survival signaling via caspase-dependent Akt
cleavage. Cells were treated 2 d with either vehicle or 10 nM vitamin D3 (4 and B) in the
presence or the absence of 20 uM Z-VAD(OMe)-FMK (zVAD) (B). Cells were then
processed for immunoblotting with either ant:phospho-Akt or antr Akt antibodies, as
described in Experimental Procedures. 1t should be noted that, in some experiments,

vitamin Dj partially inhibited phosphorylation of Akt in the attached cells.
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FIGURE 5. Vitamin D; induces MEKK-1 expression and N-terminal proteolysis in
apoptotic cells. 4, cells were treated 2 d and then processed for ant-MEKK-1
immunoblotting to assess MEKK-1 expression as described in Experimental Procedures.
The antrMEKK-1 antibody recognizes an epitope located within the last 50 amino acids
of the rat MEKK-1 protein and 1s identical in sequence to the same region of the mouse
MEKK-1 protein (see Experimental Procedures). B, cells were treated for either 1 or 2 d
and then processed as in 4. Vitamin D;-induced MEKK-1 up-regulation and N-terminal

proteolysis were observed in at least four independent experiments.

FIGURE 6. Vitamin D; and cisplatin both induce PARP cleavage but only vitamin
D; induces significant down-regulation of MEK and up-regulation/N-terminal
proteolysis of MEKK-1. Cells were treated 2 d with either vehicle, 10 nM vitamin D; or
1 pg/ml cisplatin (cDDP) and processed for immunoblotting to assess PARP cleavage,
MEK expression/cleavage, and MEKK-1 expression/p£oteolysis as described in
Experimental Procedures. These results suggest that MEK cleavage and MEKX-1 up-
regulation are not general phenomena of apoptosis (as is PARP cleavage), but are
selectively induced by vitamin ;. These results are representative of four independent

experiments.
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F IGURE 7. Vitamin D3 and genotoxic agents exhibit similar and divergent effects
on the expression and phosphorylation of various signaling proteins. SCC cells were
treated 2 d with either vehicle, 10 nM vitamin Dj, 10 uM etoposide (VP16), or 1 pg/ml
cisplatin (cDDP), harvested, and lysates prepared as described in Experimental
Procedures. Immunoblotting was then carried out to assess the expression of PARP,
MEK, Erk1/2, Akt, MEKK-1, SEK-1, p38 MAPK, and actin, as well as the
phosphorylation/activity of MEK, Erkl/2, c-Jun, and p38 MAPK, as described in
Experimental Procedures. These resuits suggest that the molecular mechanism by which
vitamin I} promotes apoptosis is distinct from that of genotoxic drugs. It should be
noted that, although genotoxic drugs consistently increased (or maintained) levels of
phosphorylation for p38 MAPK and c-Jun in the attached céll population, as shown here,
their affects on the levels of these phospho-proteins in the floating cell population were

variable.
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Effects of High Dose Calcitriot (3,25 Dihydroxyvitamin D3) on the Pharmacoki-
nhetlcs of Paclitaxe! ar Carboplatin: Results of Two Phase | Studies. C. S.
Johnson, M. J. Egorin, E. Zuhowski, R. Parise, M, Cappozolii, C. P, Belani,
G. 5. Long, J. Muindi, D, L. Trump; Univ of Pittsburgh Cancer Inst,
Pittsburgh, PA

Considerable in vitro and in vivo data indicate that pretreatment with . =
calcitriol enhances the anfffumor effects of taxanes and platinum ana-

. logues. We are conducting two phase | trials: carboplatin (AUC=5) q28
days + escalating doses of calcitriol {subcutaneous) QDx3 q28 days and -
paclitaxe! (80mg/m?) weekly + escalating doses of calcitrio! (p.o.) QDx3,
weekly. Calcitriol starting dose was 4 g QDX3 in each trial. Studies are
designed such thet in each patient, carboplatin or paclitaxel are given on
day 1 before calcitrio! in one treatment and on day 3 after two days of high
dose calcitriol in the next. This permits comparison of AUC of either agent
in the same patient before and after pretreatment with calcitriol. Dose-
limiting toxicity has not been encountered in either trial; current doses of
calcitriol are 131 po QDX3 either weekly (with paciitaxel) or g4 week {with
carboplatin). AUC of paclitaxef was not different with or without calcitrio!.
AUC of carboplatin was higher in each patient following calcitriol than -
before calcitriol {mean AUC = 78w gmlhr = 1.3, carboplatin D1 vs,
AUC = 6.7u g/mlhr = 1.5, carboplatin day 3). While no dose limiting
toxicity has been seen, myelosuppression fotlowing the sequence carbopla-
tin—> calcitriol was consistently less than that following calcitrio! —»
carboplatin, consistent with the change in AUC. No clinically detectable
renal impairment has been seen with either sequence. These data indicate
that potentiation of paclitaxe! by calcitrio! is not related to altered
pharmacokinetics of paclitaxel while potentiation of carboplatin by calcit-
riol may in part be related to reduced carboplatin clearance, Studies 1o
characterize these effects further are underway. Supported by NIH/NCRR/
GCRC Grant #5MO1RR00056 and NCI CA67267, CaPCURE and Bristol-
Meyers-Squibb.
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High Doss Calcitriol (1,25(0H), Vitamin D,) + Dexamethasone in Androgen
Independent Prostate Cancer (AIPC). D. L. Trump, S. Serafine, A. Brufsky, J.
Muindi, R. Bernardi, D. Potter, C. Johnson; Univ of Pittsburgh Cancer Inst,
Pittsburgh, PA

Epidemiological data suggest that low vitamjn D exposure increases the risk
of prostate cancer and in vitro and iri vivo data demonstrate the antitumor
effects of calcitriol in prostate cancer models. We are conducting a phase !
trial of high dose caicitriol + dexamethasone in AIPC. We have shown that
dexamethasone (Dex) enhances calcitriol antitumor effects and reduces
calcitriol-induced hypercalcemia. Thirty-two (32) patients with AIPC pro-
gressing despite anti-androgen withdrawal have been entered. Calcitriol is
given orally, 8u g Monday, Tuesday, Wednesday (MTW), weekiy x1 month,
10w g MTW, weekly x1 month and then 12u g MTW weekly. Dex i given 4
mg Sunday, MTW each week. Patients are evaluable for response if they
completed = 1 month of 12 u g calcitriol MTW. 24 patients are evaluable,
4 TETE 4 unevatuable. 2 patients have had mild and transient hypercaice-
mia. (12.1 mg/dL in each case). in neither case was cessation of treatment
or dose reduction required. 3 patients withdrew from therapy due to
moderate hypercortisolism (proximal myopathy) and one patient developad
an asymptomatic renal stone. Among 24 patients evaluable, responses
have been noted as follows: > 50% PSA | : 5(21%), | PSA velocity: 19
(79%). These data indicate that high dose calcitriol + dexamethasone is
safe; clear antitumor effects are evident. Studies continue to define the
maximum dose of caicitriol which can be safely administered on this
intermittent schedule and to evaluate the mechanisms of calcitriof effects
Supported by CaPCURE, NCI CA 47904 and NCI CA 67267

Genitourinary Cancer

337a



<

™

'L

PHARMACOLOGY AND EXPERIMENTAL Ti4ERAPEUTICS 2

#97 ENHANCED ANTI-TUMOR. EFFICACY WITH DEXAMETHASONE/

CALCITRIOL/CISPLATIN THERAPY: ROLE OF P21WAF!, pamela A Hersh-
berger, R. A Modzelewski, R. M Reuger, K. € Bium, D. L Trump, and C. §
Johnson, Univ of Pittsburgh Cancer instituts, Pittsburgh, PA

Calcitrio! (1,25-D3) pre-treatment decreases p21 expression and increases
cisplatin {cDDP) cytotoxicity in the murine squarnous cell carcinoma (SCC) model.
Dexamethasone (DEX) aiso decreases p21 expression in SCC in vitro and was
evaluated for its ability to increase cDDP cytotoxicity in combination with 1,25-D,.
SCC cells were incubated with DEX, 1,25-D,, and/or cDDP, and cell viability

determined by trypan bilue. Pre-treatment with DEX/1,25-D, followsd by cDDP

resulted in greater growth inhibition than treatment with ¢cDDP atone or pre-
treatment with 1,25-D, foliowed by cDDP. To examine the in vivo activity of the
combination, SCC tumor-bearing mice were treated with DEX on days 0 to 3,

1,26-D, on.days 1 to 3, and cDDP an day 3. Greater anti-proliferative activity was .

observed for DEX/1,25-Dy/cDDP as compared to DEX/1,25-Dy(p<0.003, Mann-
Whitney test) or 1,25-D,/cDDP {p<0.085). Preliminary Westem analysis of tumors
harvested from treated animals indicates p21 protsin ievels are increased follow-
ing DEX/1,25-0,/cDDP administration compared to 1,26-D,/cDDP. These obser-
vations suggest DEX enhancement of anti-fumor activity is Independent of p21.
Nonetheless, the observed Increase in anti-tumor activity supports the hypothesis
that DEX/1,25-D,/cDDP therapy has utility in the treatment of solid tumors.
Supported by NIH grant CA67267, CaPCURE, The M.H. Jennings Fnd., and
USAMRMC.
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#1787 THE BISPHOSPHONATE ZOLEDRONATE (CGP42446) SIGNIFi-
CANTLY DECREASES CALCITRIOL MEDIATED HYPERCALCEMIA. Robert M
Rueger, K. E Blum, C. S Johnson, and D. L Trump, Univ of Pittsburgh Cancer
Institute, Pittsburgh, PA

Bisphosphonates are used to inhibit increased bone resorption in tumor-in-
duced hypercalcemia, Paget disease, and osteoporosis. The bisphosphonates
are calcium chelators and have high affinity for bone. Zoledronate, a new bisphos-
phonate, has substantially increased antiresorptive potency compared to first
generation agents {e.g. etidronate). Recent studies indicate that Zoledronate may
block caicitrioi-induced osteolysis in vitro. Detalled' studies were initiated to
examine the effect of Zoledronate on calcitriol-induced hypercalcemia. Normal
C3H/Hed mice were pretreated with Zoledronate (10ug/kg} on day-1 and given
daily x3 calcitriol (0.251 ug/mouse). Blood was collected 0, 24, 48 hours following
the last calcitriol treatment. Peak serum caicium levels were significantly de-
creased in Zoledronate/calcitriol treated animails as compared to calcitriol alone
{p=0.0002). 24 and 48 hours after the third caicitriol treatment, serum calcium
was elevated in animais treated with calcitriol alone (17.2 = 1.1 and 16.5 =
1.1mo/dl, respectively} but significantly reduced in animals treated with the com-
bination (14.7 = 0.9 and 13.4 = 0.9mg/dl). In addition, Zoledronate alone and
Zoledronate/calcitrlol treated animals showed a marked reduction in dehydration,
piloerection, and cachexia due to hypercalcemia. These data indicate that Zoledr-
onate blocks the only known caicitriol toxicity and suggest that Zoiedronate may
permit administration of high doses of calcltriol. Supported by NI grant CA
67267, CaPCURE, USAMRMC, Novartls Pharm. and The Mary Hiliman Jennings
Foundation.

Proceedings of the American Association for Cancer Research ® Volume 41 March 2000
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#2724  1,25-DIHYDROXYCHOLECALCIFEROL (CALCITRIOL} INHIBITS
MITOGEN-ACTIVATED PROTEIN KINASE ACTIVITY WITHOUT SIGNIFiI-
CANTLY AFFECTING MEK ACTIVITY IN MURINE SQUAMOUS CELL CARCI-
NOMA CELLS. Terence F McGulre, J. Bralller, D. L Trump, and C. S Johnson,
Unlv of Pittsburgh Cancer Institute, Pittsburgh, PA
We demonstrated that calcitriol inhibits the growth of tumor cells in vitro and in
Vivo in a variety of tumor models. The mechanism by which calcttriol exerts its
growth inhibitory effects is unclear. In vitro, exponentially growing murine squa-
mous cell carcinoma {SCC) cells express high levels of phosphorylated/activated
. MAPK (erk1 and erk2), proteins which are known to transduce mitogenic signals
to the nucleus in response to a number of extraceliular stimull. Treatment of cells
with caicltriol (10 nM) decreased levels of phosphorylated (activated) MAPK at
24 h and 48 h with no significant effect on MAPK expression as evaiuated by
Westermn blot. While calcitriol modestly reduced the expression of MEK, the kinase
responsible for activating MAPK, it did not significantly atter MEK phosphoryla-
tion/activity as assessed by Western biot and in vitro kinase assays. in addition,
the levels of EGF, PDGF, and IGF1 growth factor receptors were significantly
enhanced in calcitriol-treated cells compared to vehicle-treated cells. Thus, in-
creased growth factor receptor signaling may compensate for the-loss in MEK
expression induced by calcitriol. These results suggest that calcitriol doss not
inhibit MAPK by inhibiting the upstream mitogenic signal from growth factor
receptors but rather may be deactivating MAPK by inducing a MAPK phospha-
tase, MKP-1, which appears to be modulated. Supported by grants from NiH
CA67267, CaPCURE, USAMRMC, and The M. H. Jennings Fnd.
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#4008 EFFECTS OF CALCITRIOL ON:THE GLUCOCORTICOID RECEP-
TOR AND THE ROLE OF CROSS-TALK IN THE ANTI-PROLIFERATIVE EF-
FECTS OF THE COMBINATION OF CALCITRIOL AND DEXAMETHASONE.
weil-Dong Yu, R. J Bernardi, P. A Hershberger, C. S Johnson, and D. L Trump,
Univ of Pittsburgh Cancer Institute, Pittsburgh, PA

_We have demonstrated that the anti-proliferative effects of calcitriol (1,25-Dy)
are significantly enhanced by dexamethasone (DEX) in vitro and in vivo using the
SCCVI/SF squamous cell carcinoma mode! system. DEX increases vitamin D
receptor (VDR) ligand binding and VDR protein levels. Studies were undertaken to
assess the interaction between 1,26-D,, DEX, and the glucocorticoid receptor
(GR), and its importance for the anti-proliferative effects of this combination
therapy. We used the GR antagonist, RU486, to assess the requirement for
transcriptional regulation by DEX. Using & whale cell ligand binding assay, we
demonstrate that GR ligand binding was significantly increased by treatment of
SCC ceils with 1,25-Dj (P<0.00%), white binding was decreased in cells treated
with 1,25-D5 and RU486. Western biot analysis revealed that treatment of sCC
cells with 1,25-D, increased GR protein levels as compared to untreated cells.
RUA486 blocked the growth inhibltory effects of DEX in vitro by crystal violet assay
and blocked accumulation of cefls in Go/G,. Our resuits are consistent with a
model in which GR binding is required for the enhancement of the anti-prolifer-
ative effects of 1,28-Ds by DEX. Furthermore, they indicate that cross-talk be-
tween 1,25-Dg and DEX signaling may be an important part of the mechanism of
action of this combination therapy. Supported by NiH grant CA 67267, CaPCURE,
USAMRMC, and The Mary Hillman Jennings Foundation.
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!

B4

EXPERIMENTAL/MOLECULAR THERAPEUTICS 4 -
o '

#454  1,25-Dihydroxycholecalciferol (Calcitriol) Enhancement of Chemo-
therapeutic Efficacy: Synergistic Effects by Median Dose Effect. Wei-Dong
Yu, Robert M. Rueger, Ralph W. Fuller, Candace S. Johnson, and Donald L.
Trump. University of Pittsburgh Cancer Institute, Pittsburgh, PA.
1,25-dihyroxycholecalciferol (calcitriol) or the calcitriol analogue, 1,25-dihydroxy-
18-ene-23-yne-choiecalciferol, 7553 (liex) significantly increasas in vitro and in vivo
mediated anti-tumor effects of platinum analogues (cisplatin and carboplatin) and
taxanes (paciitaxel and docetaxel) in a varisty of tumor model systems (murine
syngeneic squamous cell carcinoma, SCC: human xenografi prostatic adenocarci-
noma, PC-3 and lung carcinoma, MV522 and a rat syngeneic prostatic adenocarci-
noma, MLL). The effect of these combinations results in greater than 3-5 log cell kill

. .. When compared.to-any agent-alone.-To-determine-whether-the -ability to-enhance:

calcitriol-mediated antitumor effiect was limited to these class of drugs, we investi-
gated the abiiity of calcitriol to potentiate the cytotoxic activity of irinotecan (CPT-11),
etoposide (VP-16), mitoxantrone (MXN), 5-fluorouacil (5FU), carmustine (BCNU),
cytarabine (Ara-C), doxorubincin (DOX) in SCC by the in vitro crystal violet/MTT
assay. Using median dose effect analysis, sirong synergy was observed across all
fractions effected with CPT-11, Ara-C, DOX, SFU, and MXN with no significant
enhancement seen with BCNU and moderate synergy with VP-16. In synergistic
combinations, lower doses of both calcitriol and chemotherapeutic drug were equally
effeclive suggesting the potential to significantly limit toxicity. These results demon-
strate differences in the abillity of calcitriol to increase the antitumor efficacy of
cytotoxic agents. The mechanisms involved in the ability of calcitriol to significantly
enhance these agents remains to be determined and is currently under investigation.

Supported by NIH grant CA 67267; CaPCURE, liex Oncology. Inc., and USAMRMC
17-98-1-8548, :
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#3448 1, 25-Dihydroxyvitamin D3 (Calcitriol) inhibits Survival Signals and
induces MEKK-1 and Apoptosis in Murine Squamous Cell Carcinoma Cells:
Selective Induction of Caspase-dependent MEK Cleavage. Terence F.
McGuire, Donald L. Trump, and Candace S. Johnson. University of Pittsburgh,
Pittsburgh, PA.

Calcitriol inhibits prolnera‘clon and induces apoptosis in several human cancer
lines_in vitro and in vivo. However, little is known about the molecular events

involved in calcitriol-induced apoptosis. Here, we demonstrate that the growth-

- promoting/pro-survival signaling molecule mitogen-activated protein kinase ki-

nase (MEK) is cleaved in a caspase-dependent manner in murine squamous cell
carcinoma (SCC) cells induced to undergo apoptosis by treatment with calcitriol.
MEK cleavage has not been previously reported. Gleavage resulis in nearly
complete loss of intact MEK expression and, consequently, of MEK and Erki1/2
phosphorytation. Erk1/2 expression is only slightly affected. Similar to MEK, the
phosphoryiation/expression of Akt, a kinase regulating a second cell survival
pathway, is also inhibited after calcitriol treatment. In contrast, the pro-apoptotic
signaling molecule MEKK-1 is up-regulated in both apoptotic and non-apoptotic
cells with greater induction and partial N-terminal proteolysis of MEKK-1 ob-
served in apoptotic cells. In contrast to calcitriol, cisplatin and etoposide do not
prorriote significant loss of MEK expression, and do not up-regulate MEKK-1. We

propose that calcitriol induces apoptosis in SCC cells by a mechanism involving.

selective induction of MEKK-1 and promotion of caspase-dependent MEK cleav-
age. These effects, together with more general features of programmed cell death
(i.e., caspase- dependent cleavage of Akt), shift the overall state of the cell to one

stroncly favoring apoptosis. Supported by grants from NC! CA85142, CAB7287,
USAMRC 179818548, and CaPCURE. :
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